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Fig. 1. Experimental schedule. B: biochemical measurements (enzyme activity, lipid peroxidation, and protein oxidation).

2.3.1. Reference memory test

For each training trial, the mouse was put into the pool
at one of the five positions, the sequence of the positions
being selected randomly. The platform was located a con-
stant position throughout the test period in the middle of
one quadrant, equidistant from the center and edge of the
pool. In each training session, the latency to escape on to
the hidden platform was recorded. If the mouse found the
platform, it was allowed to remain there for 10s and was
then returned to its home cage. If the mouse was unable to
find the platform within 60s, the training was terminated
and a maximum score of 60s was assigned. Training was
conducted for four consecutive days, four times a day, from
day 3 to 6 after the start of AR i.c.v. injection.

2.3.2. Probe test

On day 7 after the start of AB i.c.v. injection, a single
probe trial was conducted. The platform was removed from
the pool and each mouse was allowed to swim for 60's in the
maze. The number of times the mouse crossed the annulus
where the platform had been located was recorded.

2.3.3. Working memory (repeated acquisition) test

Working memory test was conducted three consecutive
days from day 8 to 10 and consisted of five trials per day. The
working memory test was procedurally similar to reference
memory test except that the platform location was changed
daily. The first trial of the day was an informative sample
trial in which the mouse was allowed to swim to the platform
in its new location. Spatial working memory was regarded
as the mean escape latency of the second to fifth trials.

2.4. Fassive avoidance test
Passive avoidance was measured using a Gemini Avoid-

ance System (San Diego Instrument, San Diego, CA) which
consists of two-compartment shuttle chambers with a con-

stant current shock generator. On an acquisition trial, each
mouse was placed into the start chamber, which remained
darkened. After 20 s, the chamber light was illuminated and
the door was opened for mouse to move into the dark cham-
ber freely. Immediately it entered the dark chamber, the
door was closed and an inescapable scrambled electric shock
(0.3mA, 35, once) was delivered through the floor grid.
Then the mouse was returned to its home cage. Twenty-four
hours later, each mouse was again placed in the start chamber
again (retention trial). The interval between the placement
in the lighted chamber and the entry into the dark chamber
was measured as latency in both acquisition and retention
trials (maximum 300s) [51,52].

2.5. Tissue preparation

Mice were anesthetized with pentobarbital (50mg/kg)
and then perfused transcardially with ice-cold 0.9% NaCl
(10ml/10g body weight) to remove the free radical-
scavenging and -generating sources in the brain [23]. The
cerebral cortex, hippocampus were carefully excised, and
the tissues stored at —70°C. Homogenates were sonicated
for 30s in a cell disruptor (Bronson Sonic, NY) and cen-
trifuged at 10,000 x g for 20 min. The resulting supernatant
was used to measure activities of glutathione peroxidase
(GPX) and glutathione reductase (GRX).

2.6. Determination of superoxide dismutase (SOD)

Homogenates of hippocampus or cerebral cortex were
centrifuged at 25,000 x g for 15min at 4°C and super-
natant dialyzed in 50 mM PBS (pH 7.8) containing 1 mM
EDTA. SOD activity was determined based on inhibition of
superoxide-dependent reactions. The reaction mixture con-
tained 70 mM potassium phosphate buffer (pH 7.8), 30 uM
cytochrome ¢, 150 uM xanthine, and tissue extract in phos-
phate buffer diluted 10 times with PBS in a final volume of
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3 ml. The reaction was initiated by adding 10 pl of 50 units
xanthine oxidase, and the change in absorbance at 550 nm
recorded. One unit of SOD is defined as the quantity re-
quired to inhibit the rate of cytochrome ¢ reduction by 50%.
For estimating total SOD, 10 wM potassium cyanide (KCN)
was added to the medium to inhibit cytochrome oxidase
activity [32]. For estimating Mn-SOD activity, ] mM KCN
was added to the incubation mixture to inhibit Cu,Zn-SOD
activity [32]. The activity of Cu,Zn-SOD was calculated by
the subtraction of the Mn-SOD activity from the total SOD
activity.

2.7. Determination of glutathione peroxidase (GPX)

GPX activities of the hippocampus and cortex were
analyzed by a spectrophotometric assay described by
Lawrence and Burk [27], using 2.0 mM reduced glutathione
and 0.25mM H,0O; as substrate. One unit of GPX is de-
fined as the quantity that catalyzes the oxidation of 1nM
NADPH/min at 25°C. Protein was measured using the
BCA protein assay reagent and bovine serum albumin was
used as a standard.

2.8. Determination of glutathione reductase (GRX)

GRX activities were measured based on the method dis-
cribed by Eklow et al. [13]. The reaction mixture contained
1 mM oxidized glutathione and 100 pl of sample in phos-
phate buffer (pH, 7.0) containing 1 mM EDTA. The reac-
tion started with adding NADPH (final concentration of
0.11 mM) and the decrease in absorbance of NADPH at
340nm was measured. One unit of activity is defined as
1 nM of NADPH oxidized.

2.9. Determination of malondialdehyde (MDA)

The amount of MDA in homogenates of hippocampus,
cerebral cortex was determined by the methods of Jareno
et al. [20] with some modification [22,23]. In brief, 0.1 ml
of the homogenate diluted 10 times with phosphate buffered
saline (PBS) was mixed with 0.75 ml working solution (thio-
barbituric acid 0.37% and perchloric acid 6.4%, 2:1, v/v)
and heated to 95°C for 1h. After cooling (10min in ice
water bath), the flocculent precipitate was removed by cen-
trifugation at 3200 x g for 10min. The supernatant was
neutralized and filtered prior to injection on a octadecylsi-
lane 5 pm column. Mobile phase consisted of 50 mM PBS
(pH 6.0):methanol (58:42, v/v). Isocratic separation with
1.0 ml/min flow rate and detection at 532 nm using a UV-vis
high-performance liquid chromatography detector were per-
formed.

2.10. Determination of protein carbonyl

The extent of protein oxidation in the cerebral cortex
and hippocampus was assessed by measuring the content of

protein carbonyl groups, which was determined spectropho-
tometrically with the 2,4-dinitrophenylhydrazine (DNPH)-
labeling procedure as described by Oliver et al. [41]. The
results are expressed as nmol of DNPH incorporated/mg
protein [23] based on the extinction coefficient for aliphatic
hydrazones of 21 mM™! em™!. Protein was measured using
the BCA protein assay reagent (Pierce, Rockford, IL, USA).

2.11. Statistics

Data are expressed as the mean = S.E.M. The statistical
significance in the behavioral and biochemical effects of a-
tocopherol was determined by one-way analysis of variance
(ANOVA), followed by Bonferroni’s test or ANOVA with
Duncan’s new multiple (DMR) test. Two-way ANOVA was
conducted to analyze data from water maze training trials.

3. Results

3.1. Effects of a-tocopherol on performance of the water
maze task by AB (1-42)-treated mice

The changes in escape latency onto a hidden platform
produced by training trials are shown in Fig. 2A. Two-way
ANOVA with all treatment groups showed significant effects
mainly of group (Fas7e = 9.084, P= 6.97 x 107) and train-
ing (Fi5,576 = 13.772, P = 4.82 x 10~3%), but not group by
trial interactions (F45,576 = 0.449311, P = 1.00). The es-
cape latencies of AB(1-42)-injected mice were significantly
delayed, as compared to those of AB(40-1)-injected mice
(P < 0.0005; post-hoc analysis). Prolonged treatment with
a-tocopherol significantly improved the AR(1-42)-induced
impairment of performance (P < 0.05; post-hoc analysis).

The results of the 60s probe test also showed signifi-
cant memory impairment in the AR (1-42)-treated mice.
The number of annulus crossings, representing the number
of passes over the platform site, was significantly decreased
(F118 = 5.40, P = 0.032) in the AR (1-42)-treated mice as
compared to AR (40-1)-treated mice. This was significantly
reversed (F1g3 = 6.08, P = 0.024) by a-tocopherol admin-
istration (one-way ANOVA) (Fig. 2B).

Working memory was assessed as the mean escape latency
of the second to the fifth trials (test trials), for three days.
There were no significant differences among the four groups
in the sample trials (the first trial) of three consecutive days
(data not shown). However, the mean escape latency during
test trials of the AP (1-42)-treated mice was significantly
longer (F 238 = 5.06, P = 0.026) than that of the AB(40-1)-
treated mice. Repeated treatment with a-tocopherol signifi-
cantly ameliorated (F23g = 4.13, P= 0.043) the AB(1-42)-
induced impairment of performance in working memory
test (one-way ANOVA). There was no significant differ-
ence between AB(40-1)-treated mice and a-tocopherol- plus
AB(40-1)-treated mice in the hidden platform test, probe,
or working memory tests (Fig. 2C).



J.H. Jhoo et al./ Behavioural Brain Research 155 (2004) 185-196 189

Reference memory

—@— AP (40-1)
—O— AR (40-1) + o-tocopherol
601 —&— AP (1-42)
—{1- AB (1-42) + o-tocopherol
50 1
T 40T
g *kk
2
5 4
E 30 #
5]
d 207
10 +
0 | f {
1 2 3 4
A Day
Probe test (Annulus crossings) Working memory
35T 20T *
wy
2 et I 3 L
Z T # 2167 #
(=] .
£ 2° . I g | T el
o 212+
c 27 I =
k> 2
g 157 S 8+
= ]
£
g 1T 8
§ 241
S 051

0 AP (40-1) AP (40-1)' AB (1-42)' AB (1-42)'

+ +
(B a-tocopherol

¢-tocopherol

0 ,
AP (40-1) AP (40-1) AP (1-42) AP (1-42)
+ +

) ortocopherol ortocopherol

Fig. 2. The effects of a-tocopherol on the performance of AB (1-42)-treated mice in the training (A), probe trial (B), and working memory (C) trials of
the water maze test. The training trials were carried out on days 3-6 (four per day), the probe trials were performed on day 7, and the working memory
trials (five per day) were carried out on days 8-10 after the i.c.v. injection of AB. Each value is the mean £ 10 animals. The statistical significance
of the training trials was calculated using two-way ANOVA followed by post-hoc analysis, and those of the probe and working memory trials were
calculated using one-way ANOVA. *P < 0.05 or **P < 0.0005 vs. AB (40-1)-treated mice, *P < 0.05 vs. AB (1-42)-treated mice.

3.2. Effects of a-tocopherol on performance of the passive
avoidance task by AB(1-42)-treated mice

In the acquisition trial, the step-through latencies did
not differ among the four groups. The step-through la-
tency in the retention trial was significantly decreased (Fg
= 1979, P = 0.00031) in the AB(1-42)-treated mice, as
compared to the AB(40-1)-treated mice. The a-tocopherol-
plus AB(1-42)-treated mice showed a significantly longer
step-through latency (Fg = 4.65, P = 0.045) than did the
AB(1-42)-treated mice. There were no significant differ-
ences between the AB(40-1)-treated and a-tocopherol- plus

AR (40-1)-treated mice in the acquisition trial or retention
trials (Fig. 3).

3.3. Effects of a-tocopherol on Cu,Zn-SOD activity in the
brains of AB (1-42)-treated mice

Cu,Zn-SOD activity did not significantly change in the
absence of AR (1-42). However, AR (1-42) treatment re-
sulted in early increases in Cu,Zn-SOD activity in the cere-
bral cortex and hippocampus [at 2h and 2 days: P < 0.01
versus AP (40-1); at 4 days: P < 0.05 versus AR (40-1)].
The enzyme activity in the cerebral cortex was comparable
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Fig. 3. The effects of a-tocopherol on the performance of AR
(1-42)-treated mice in the acquisition (A) and retention (B) trials of the
passive avoidance task. The task was performed on days 3-4 after the
i.c.v. injection of AP. Each value is the mean 4 10 animals. **P <
0.0005 vs. AR (40-1)-treated mice, *P < 0.05 vs. AR (1-42)-treated mice
(one-way ANOVA).

to that in the hippocampus. Increases in Cu,Zn-SOD activ-
ity induced by AP (1-42) were significantly attenuated in
the presence of a-tocopherol [at 2h and 2 days: AR (1-42)
versus AP (1-42) plus a-tocopherol, P < 0.05]. Increases
in Cu,Zn-SOD activity had returned to near vehicle or AR
(40-1) levels at 10 days (Fig. 4A).

3.4. Effects of a-tocopherol on Mn-SOD activity in the
brains of AB (1-42)-treated mice

The animals treated with non-toxic AB (40~1) or vehicle
did not significantly induce Mn-SOD. Similar to Cu,Zn-SOD
activity, Mn-SOD activity was significantly induced in the
cerebral cortex and hippocampus with AR (1-42) treatment
fat 2h and 2 days: P < 0.05 versus A (40-1)]. The enzyme
activity in the hippocampus appeared to be more suscepti-
ble than the cerebral cortex activity to AR (1-42). The AB
(1-42)-caused increases in Mn-SOD activity were signifi-
cantly prevented by prolonged treatment with a-tocopherol
[at 2h and 2 days (both brain regions): AR (1-42) versus
AR (1-42) plus a-tocopherol, P < 0.05]. The increases in
Mn-SOD activity had returned to near vehicle or Af (40-1)
levels at 4 days (Fig. 4 B).

3.5. Effects of a-tocopherol on GPX activity in the brains
of AB (1-42)-treated mice

The GPX activity did not change without AP (1-42) treat-
ment. However, GPX activity was significantly increased in
the cerebral cortex and hippocampus at 2 h and 2 days after
i.c.v. injection of AR (1-42) [at 2h and 2 days: P < 0.05 ver-

sus AR (40-1)]. Interestingly, GPX activities were also sig-
nificantly induced in animals treated with A (1-42) plus o~
tocopherol [at 2h and 2 days: AP (40-1) plus a-tocopherol
versus AP (1-42) plus a-tocopherol, P < 0.05]. The GPX
activity in animals treated with AR (1-42) was comparable
to that in animals treated with AR (1-42) plus a-tocopherol,
suggesting that a-tocopherol induced the compensative in-
duction of GPX. No significant changes in GPX activity
were observed in the cerebral cortex and hippocampus after
4 days (Fig. 5A).

3.6. Effects of a-tocopherol on GRX activity in the brains
of AB (1—42)-treated mice

GRX activity was not apparently induced without expo-
sure to AP (1-42). However, GRX activity was significantly
increased at the very early stage (2 h) post-AB(1-42) insult
[at 2h: P < 0.05 versus A3 (40-1)]. Similar to GPX, GRX
activity was significantly induced in the animals treated with
AB (1-42) plus a-tocopherol [at 2h: AR (40-1) plus o-
tocopherol versus Af (1-42) plus a-tocopherol, P < 0.05].
The GRX activity of animals treated with AR (1-42) is com-
parable to that of animals treated with AR (1-42) plus a-
tocopherol. The increases in GRX activity had almost re-
turned to vehicle or AR (40-1) levels in the cerebral cortex
and hippocampus at 2 days (Fig. 5B).

3.7. Effects of a-tocopherol on lipid peroxidation levels in
the brains of AB (1-42)-treated mice

No differences in the lipid peroxidation levels (as MDA)
were observed in the cerebral cortex or hippocampus of
vehicle- and AR(40-1)-treated animals. AB(1-42)-induced
increases in MDA levels still evident at 10 days [in the cere-
bral cortex at 2h, 2,4, and 10 days; P < 0.01, P < 0.05, P <
0.05, and P < 0.05 versus AB(40-1); in the hippocampus at
2h,2,4,and 10days; P < 0.01,P < 0.01,P < 0.05and P <
0.05 versus A3(40-1)]. These increases in MDA levels were
significantly attenuated by the treatment with a-tocopherol
[at 2, 4, and 10 days in the cerebral cortex and hippocam-
pus: AP (1-42) versus AR (1-42) plus a-tocopherol, P <
0.05]. MDA values had almost returned to those of vehi-
cle or AB(40-1) levels at 20 days after AB(1-42) injection
(Fig. 6A).

3.8. Effects of a-tocopherol on protein oxidation levels in
the brains of AB (1-42)-treated mice

No significant changes in protein carbonyl were found in
the vehicle- and AB(40-1)-treated animals. Similar to the
MDA time course, the AB(1-42)-induced increases in the
formation of protein carbonyl lasted for at least 10 d [in the
cerebral cortex at 2h, 2, 4, and 10 days; P < 0.01, P < 0.01,
P < 0.05 and P < 0.05 versus AB(40-1); in the hippocampus
at2h, 2,4, and 10 days; P < 0.01, P < 0.05, P< 0.05 and
P < 0.05 versus AB(40-1)]. This significant formation of
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Fig. 4. The effects of a-tocopherol on the activity changes of Cu,Zn-SOD (A) and Mn-SOD (B) induced by AB in the cerebral cortex and hippocampus
of the mice. Each value is the mean + S.EM. of 10 animals. *P < 0.05 or *P < 0.01 vs. AR (40-1), P < 0.05 vs. AB (1-42), §p < 0.05 vs.

AB(40-1) + a-tocopherol (ANOVA with DMR test).

protein carbonyl was significantly inhibited by the chronic
treatment with a-tocopherol [at 2h, 2, 4, and 10 days in
the cerebral cortex and hippocampus: AR (1-42) versus AR
(1-42) plus a-tocopherol, P < 0.05]. These protein carbonyl
levels had returned to near basal values at 20 days after
AB(1-42) injection (Fig. 6B).

4, Discussion

In the present study, we demonstrated that a single i.c.v.
injection of AP (1-42) impaired performance in a water

maze task and the retention of long-term memory in a pas-
sive avoidance task, in accordance with previous investiga-
tions using mice [52} and rats [39,40,51]. Similarly, acute
i.c.v. injection of AR (25-35) in mice has also been reported
to impair spatial reference memory in a water maze task
[36]. These results suggest that the accumulation of neuro-
toxic AP fragments, such as AB (1-42) and AB (25-35),
impairs spatial reference memory in mice, although non-
toxic A fragment AR (40-1) has no effect. Furthermore, the
potent antioxidant a-tocopherol also attenuated these mem-
ory impairments (resulting in impaired performance in the
passive avoidance and water maze tests) induced in mice
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Fig. 5. The effects of a-tocopherol on the activity changes of GPX (A) and GRX (B) induced by AR in the cerebral cortex and hippocampus of the
mice. Each value is the mean & S.EM. of 10 animals. *P < 0.05 vs. AR (40-1), 8P < 0.05 vs. AB(40-1) + a-tocopherol (ANOVA with DMR test).

by the single i.c.v. injection of AB (1-42). This result sup-
ports previous finding, demonstrated by Yamada et al. [51],
that a-tocopherol and another antioxidant, idebenone, pre-
vent behavioral deficits in water maze task performance in
AB (1-42)-infused rats. However, Yamada et al. [51] did
not observe increased formation of malondialdehyde (MDA)
in the cerebral cortex and hippocampus of the Af (1-42)-
infused rats at day 19 after the start of Ap (1-42)-infusion.
Similarly, we could not find a significantly increased level
of MDA in mice at day 20 after a single injection with A
(1-42) in this study, although the levels of MDA and protein

carbony! in the cerebral cortex and hippocampus remained
elevated for 10 days.

Recently, we demonstrated that continuous i.c.v. infu-
sion of AP (1-42) in rats resulted in a significant decrease
of the protein expressions of Mn-SOD, GSH, GPX and
glutathione-S-transferase-m in the rat brain, suggesting that
AB (1-42) impairs antioxidant capacity [25]. This find-
ing indicates the cytological effects of oxidative stress
induced by AR (1-42). In certain antioxidant systems,
there might be a time lag between the synthesis of pro-
tein and the expression of mRNA following neurotoxicity
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[1,24]. Therefore, measurements of the activity time course
of antioxidant enzymes are important when comparing
the alterations induced by AR with those found in AD
patients.

We observed significant induction of Cu,Zn-SOD, Mn-
SOD, GPX and GRX activities in the cerebral cortex and
hippocampus of the A (1-42)-treated mice, although these
changes were not observed in AB (40-1)-treated mice. To
our knowledge, this is the first time that AB-induced in-
creases of the activity of overall antioxidant enzymes have
been described in the brain of an animal model. The in-

creases in the activity of Cu,Zn-SOD were the most pro-
nounced among these enzymatic antioxidants. The eleva-
tion in Cu,Zn-SOD activity appeared to parallel increases
in MDA and protein carbonyl in the same areas, suggesting
that these events are needed to scavenge superoxide radicals
induced by AB (1-42).

The present findings support the hypothesis that increased
Cu,Zn-SOD activity can lead to an accumulation of H,05,
which, in the absence of a simultaneous increase in GPX ac-
tivity, could increase the Fenton reaction, leading to the stim-
ulation of lipid peroxidation and protein oxidation resulting,
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in cellular damage [6,11,22]. Furthermore, an uncompen-
sated excess of Cu,Zn-SOD may contribute to the loss of
neurons in selective areas in AD. This idea is supported by
the fact that Down’s syndrome, which includes a triplica-
tion of the Cu, Zn SOD gene and correspondingly increased
enzyme activity, invariably involves degenerative changes
similar to Alzheimer’s disease [8]. Overall, these findings
suggest that Cu,Zn SOD may play a role in Alzheimer’s
pathology.

Extensive evidence exists for lipid peroxidation being
an important mechanism of neurodegeneration in the AD
brain. AP is widely reported to cause lipid peroxidation
that is inhibited by antioxidants in brain cell membranes
[4,12,52]. In addition, AR leads to 4-hydroxy-2-nonenal
(HNE) and acrolein formation [33], and these alkenals al-
ter the conformation of membrane proteins [45]. We have
previously shown, consistently, an induction of HNE and
8-hydroxyguanosine (a marker of oxidative damage to
DNA and RNA) immunoreactivities following infusion of
AR (1-42) [21]. Protein oxidation is an important factor in
aging and age-related neurodegenerative disorders [28.44].
Oxidative modification of proteins can lead to diminished
functions for specific proteins [28,44}. Protein oxidation is
most often indexed by the presence of protein carbonyls
[44], which arise from a direct free radical attack on vul-
nerable amino acids side chains or from the products of
glycation, glycoxidation, and lipid peroxidation reactions
with protein (e.g., HNE and acrolein) [5]. The increased
protein carbonyl in the AD brain, together with the altered
activities of antioxidant enzymes (in some cases due to ox-
idation), coupled with studies showing that AR (1-42)- or
AB (1-40)-induced neuronal protein oxidation can be inhib-
ited by antioxidants [54], suggest that AB-induced protein
oxidation may account, in part, for neurodegeneration in
the AD brain.

a-Tocopherol is the most prevalent and efficacious lipid-
soluble antioxidant in biological systems and inhibits the
chain reaction of lipid peroxidation by trapping the chain
carrying peroxyl radicals {38]. a-Tocopherol is reported to
prevent the spatial learning deficit induced by i.c.v. injec-
tion of the cholinotoxin ethylcholine mustard aziridinium
ion (AF64A), without affecting memory in control animals
[49]. The ability of a number of antioxidants, including
idebenone, a-tocopherol, and iron chelators, to abrogate
GSH depletion-induced neurotoxicity [42] suggests that
exogenously applied antioxidants are balancing the cellular
antioxidant debt produced by GSH depletion. Furthermore,
investigations in vitro have shown that a-tocopherol inhibits
AB-induced neuronal cell death and protein oxidation [55],
suggesting that oxidative stress is one of the mechanisms
of the neurotoxicity of AB. Here, we confirmed that the
imbalances in enzymatic antioxidants and the increases in
lipid peroxidation and protein oxidation induced by AP
(1-42) are prevented by a-tocopherol, confirming that ox-
idative stress is involved in at least part of the neurotoxic
mechanism of the AR (1-42) in vivo.

Because elevated levels of copper, zinc, and iron are found
in amyloid deposits of AD-affected brains [30], the oxida-
tive stress observed in AD may be related to the production
of reactive oxygen species by metal-bound forms of AB.
Huang et al. [17] have shown that the binding of Cu?* and
Zn?* to AB modulates the toxicity of the peptide through
the generation of HyO; by electron transfer to Oy. The bind-
ing of Cu?* and Zn?* to AP also induces the precipitation
of the peptide [3,30]). Increased binding of these metals to
AB is evident in AD |30}, and it has been demonstrated that
the metal-mediated redox activity and aggregation of AR, as
well as amyloid deposition in APP 2576 transgenic mice, are
inhibited by treatment with a bioavailable zinc/copper se-
lective chelator, clioquinol {10]. Because a-tocopherol pos-
sesses metal chelating effects [9], we cannot rule out the
possibility that the metal chelating effects of a-tocopherol
may play a role in attenuating the imbalance of antioxidant
enzymes and oxidative stress induced by AP (1-42) in mice.

Although Mn-SOD, in contrast to Cu,Zn-SOD, appeared
to be not highly induced in the brain regions we examined,
AR (1-42)-treated mice showed increased Mn-SOD activi-
ties at an early time point (2 days). This may be due to the
formation of HyO» in the mitochondria [7]. The relationship
between mitochondrial damage, glutathione status/GSH de-
pendent enzymes, oxidative stress, and neuronal dysfunction
has been demonstrated by the effects of excessive produc-
tion of HyO; within mitochondria, which leads to deple-
tion of mitochondrial GSH, in turn, causes the oxidation of
protein thiols and the impairment of mitochondrial function
[14]. Thus, it is possible that the loss of GSH may result in
mitochondrial damage. It is likely that the converse situa-
tion is also true, namely, that impairment of mitochondrial
function may lead to a decrease in cytosolic GSH. Because
approximately 90% of total cellular GSH is localized in the
cytosolic fraction {43], a GSH-depleted condition may be a
common event leading to the disruption of the cellular activ-
ities of mitochondria and cytoplasm. GRX reduces oxidized
GSSG back to two GSH molecules to replenish stores of
this universal antioxidant. GSH and glutathione reductants,
including GRX, have been shown to prevent mitochondrial
oxidative damage [7]. However, GRX activity in this study
was induced only at the early time-point after AP (1-42)
treatment, suggesting that AR (1-42) might enhance mito-
chondrial toxicity in the brains of mice.

Cholinergic transmission is crucial to learning and mem-
ory, and its alteration is considered one of the main causes of
cognitive disorder such as AD. As described in introduction,
we have reported that A (1-42 or 1-40) impairs choliner-
gic neuronal function, learning, and memory [18,39,40,46].
Similarly, a single i.c.v. injection of a picomolar dose of Af
(1-42) effectively impaired learning and memory behaviour
in mice. This behavioural abnormality was accompanied
by decrease in cortical acetylcholine levels and increase in
hippocampal glial fibrillary acidic protein (GFAP)-like im-
munoreactivity (GFAP-IR) [52], supporting previous reports
in rats that continuous infusion of AP (1-40) blunts choline
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acetyltransferase activity and increases GFAP-IR [39,40].
Further, Yan et al. [52] demonstrated that AB(1-42) injection
induced a marked increase in interleukin-18-like immunore-
activity (IL-1B-IR) in the hippocampus. Thus, in addition
to the decreased acetylcholine levels, AB(1-42)-induced in-
crease in IL-1B-IR may have contributed to learning and
memory deficit in mice.

Interestingly, GSSG inhibits the binding of the specific
ligand [*H]quinuclidinyl benzilate to muscarinic cholin-
ergic receptors [15], suggesting that GSH homeostasis
is important in maintaining learning/memory functions
[25]. We confirmed that a-tocopherol protects against AB-
induced impaired homeostasis of GPX and GRX activities
in this study. Thus, the present finding suggests that GSH-
dependent antioxidant enzymes (GPX and GRX) are pos-
sible markers for evaluating antioxidant status, as well as
learning/memory functions, of AB-treated model animals.

This study showed that a single i.c.v. injection of AR
(1-42) resulted in significant impairment of memory func-
tion, imbalances in the activities of antioxidant enzymes,
and increases in the oxidative stress (lipid peroxidation and
protein oxidation) in mice, and that the potent antioxidant
a-tocopherol significantly prevented these toxicities induced
by AR (1-42). Therefore, our results suggest that oxidative
stress contributes to Af (1-42)-induced learning and mem-
ory deficits in mice.
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Abstract

The mechanism of natural killer (NK) cell regulatory role in experimental autoimmune encephalomyelitis (EAE) was studied in SJL/J
mice. In vivo experiments showed that NK cell depletion by anti-NK1.1 monoclonal antibody treatment enhanced EAE in mice. To
investigate the mechanism, we cultured proteolipid protein (PLP);36_150 peptide-specific, encephalitogenic T cell lines, which were used as
the NK cell target. Our results show that NK cells exert a direct cytotoxic effect on autoantigen-specific, encephalitogenic T cells.
Furthermore, cytotoxicity to PLP-specific, encephalitogenic T line cells was enhanced by using enriched NK cells as effector cells. However,
the cytotoxic effect of NK cells to ovalbumin-specific T line cells and ConA-stimulated T cells could also be detected with a lesser efficiency.
Our studies indicate that NK cells play a regulatory role in EAE through killing of syngeneic T cells which include myelin antigen-specific,

encephalitogenic T cells, and thus ameliorate EAE.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Since the 1980s, a great deal of evidence has been
accumulated, suggesting an association between decreased
numbers and activities of NK cells and autoimmune
diseases, such as multiple sclerosis (MS) (Benczur et al.,
1980; Munschauer et al., 1995), type I diabetes (Nair et al.,
1986; Negishi et al.,, 1986; Atallah et al., 1987), systemic
lupus erythematosus (SLE) (Hoffman, 1980; Erkeller-
Yuksel et al., 1993, 1997; Shai et al., 1999; Moser et al.,
1998).

In multiple sclerosis (MS), it has been reported that MS
patients tend to have lower numbers and activities of NK
cells than healthy individuals and other neurological
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diseases patients (Vranes et al.,, 1989; Munschauer et al.,
1995), and new and enlarging or recurring lesions tend to
occur following periods of low NK cell activities (Kastruk-
off et al, 1998). Although MS patients with stable
symptoms had relatively normal lytic activities (Merrill et
al., 1982; Neighbour et al., 1982), depressions in NK lytic
activities immediately preceded lesion extension (Kastruk-
off et al., 1998). It is interesting to know that the NK cell
lytic activity of healthy monozygotic twin siblings of an
affected patient was not changed (Kaudewitz et al., 1983;
Heltberg et al., 1985).

In experimental autoimmune encephalomyelitis (EAE), a
well-established model of MS, we have found that depletion
of NK cells by in vivo treatment with a monoclonal
antibody (mAb) against NK 1.1 resulted in an increased
severity and relapsing pattern of disease in C57BL/6 mice
(Zhang et al., 1997). It has also been reported that mAb
(3.2.3 or anti-asialo GM1) depletion of NK cells exacerbates
EAE in Lewis rats (Matsumoto et al., 1998).
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Although all of the evidence suggested that NK cells
might play a role in the regulation of MS and EAE, the
mechanism by which NK cells could mediate immune
regulation remains unclear. The present study was con-
ducted to investigate the mechanism of NK cell regulatory
roles in EAE, and suggests direct killing of autoreactive T
cells.

2. Materials and methods
2.1. Mice

SJL/J mice were purchased from Jackson Laboratory
(Bar Harbor, ME). All mice were kept under specific
pathogen-free conditions and only female mice (6-10 weeks
old) were used. Experiments were conducted in accordance
with our institutional guidelines after obtaining the permis-
sion of the Laboratory Animal Ethics Committee.

2.2. Reagents

PLPi36.150 (RVSHSLGKWLGHPDK) was purchased
from Kurabo (Tokyo, Japan). Incomplete Freund's adju-
vant (IFA) and heat-killed Mycobacterium tuberculosis
H37Ra were purchased from Difco Laboratory (Detroit,
MI). Pertussis toxin (PT), RPMI-1640, PKH 2, chicken
OVA grade VII, and ConA were purchased from Sigma
(St. Louis, MO). Hybridomas producing anti-NK1.1 mAb
(PK136) and isotype-matched control mAb M-11, specific
for human melanoma cell surface antigen, were obtained
from American Type Culture Collection (Rockville, MD).
The mAbs were purified from the supernatants using
Protein A column chromatography. Anti-mouse CD5-FITC,
CD,o-PE, NK1.1-PE, DX;s-FITC and F¢ Block (anti-mouse
FcRy I/IIT mAb) were purchased from PharMingen (San
Diego, CA). Anti-mouse CD;9 Microbeads and anti-mouse
CDs Microbeads were purchased from Miltenyi Biotec
(Bergisch Gladbach, Germany).

2.3. Immunization

For induction of active EAE, mice were injected in hind
footpads with 200 pl of an emulsion containing 100 pug of
PLP;35_150 in IFA supplemented with 400 pg of M.
tuberculosis. Mice were injected intraperitoneally (i.p.) with
400 ng of pertussis toxin (PT) in 250 pl of phosphate-
buffered saline (PBS) shortly after and 48 h after the
immunization. For the study of T cell responses, mice were
immunized only with the same emulsion without subsequent
injection of PT.

2.4. EAE score

After immunization, mice were observed daily for
clinical signs of EAE. The clinical grade was scored as

follow: 0—no clinical signs; 1—Iloss of tail tonicity; 2—one
hind leg paralysis; 3—two hind leg paralysis; 4—hind and
fore leg paralysis; 5—death.

2.5. In vivo NK cell deletion

To deplete NK cells in vivo, mice were i.p. injected with
500 pg of anti-NK1.1 mAb (PK136) 1 day before and 14
days after the immunization. Control mice were treated either
with 500 pg of an isotype-matched control mAb or PBS.

2.6. Quantitation of NK cells

Spleen cells were treated in ACK lysing buffer to lyse
erythrocytes, washed three times in PBS, and then
suspended in PBS containing 0.1% bovine serum albumin
(BSA) and 0.01% NaNj. The cells were first incubated with
Fc Block (PharMingen, San Diego, CA) for 15 min to block
nonspecific bindings of Ig to Fc receptors, washed in PBS,
and then incubated with anti-CD-FITC, and/or anti-CD o~
PE, and/or anti-NK1.1 PE, and/or anti-DXs-FITC for 30
min on ice. After washing, they were suspended in PBS
containing 0.5 pg/ml of propidium iodide (PI; Wako Pure
Chemical Industries, Ltd, Osaka, Japan), and 10,000 cells
were analyzed by FACSort (Becton Dickinson, Mountain
View, CA) with CellQuest software. Dead cells were
excluded by gating out PI-positive cells.

2.7. Culture medium

RPMI-1640 containing 5% 107> M 2-mercaptoethanol
(2-ME), 2 mM L-glutamine, and 100 U/ug/ml penicillin/
streptomycin (referred to as the basic medium) were used
after supplemented with 10% or 5% fetal calf serum
(FCS) alone or with 10% or 5% FCS and ConA
supernatant as a source of IL-2 (supernatant of ConA-
stimulated rat spleen cells).

2.8. Tcell line culture

Long-term T cell lines specific for PLPy36_j50 were
established according to the method described (Inobe et al.,
1993). Briefly, the draining lymph nodes were removed 10
days after immunization with PLP36_;50 and single cell
suspensions were prepared at 5 X 10%ml in the basic
medium supplemented with 10% FCS. They were plated
on to 6-well plates at 5 ml/well and stimulated with 20 pg/
ml PLP;34_150- The cells were fed with the basic medium
supplemented with 10% ConA supernatant and 10% FCS
every 3 days. On day 12, 5% 10%/ml T line cells were re-
stimulated with 20 pg/ml PLP)34 ys0 in the presence of
5 x 10%/ml X-irradiated (3300 rad), syngeneic spleen cells as
APCs. After several cycles of alternate stimulation with
PLP 36150 and propagation (every 10-14 days), the antigen
specificity and encephalitogenicity of the T cell lines were
confirmed.
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Fig. 1. NK cell depletion enhances EAE in SJL/J mice. Mice were
immunized with 100 ug of PLP;36_15p in complete Freund adjuvant. Mice
were also injected intraperitoncally with 400 ng of PT shortly after and 48 h
after immunization. Anti-NK1.1 mAb-treated group mice were injected with
500 pg of anti-NK1.1 mAb (PK136) 1 day before and 14 days after
immunization. Control mice were treated with PBS. Four mice in each group
were uscd. This is a representative of three experiments with similar results.

OVA-specific T cell lines were established by using the
same method.

2.9. ConA-stimulated T cell culture

Spleen cells from SJL/J mice were incubated on a plastic
culture dish for 2-3 h at 37 °C, nonadherent cells were
collected and incubated with CD ¢ Microbeads for 15 min at
6-12 °C, then T cells enriched population were negatively
selected by passing through a MACS column.

1.25 % 10%ml T cells enriched population were cultured
with 2.5 pg/ml ConA in RPMI-1640 supplemented with 5%
FCS. The cultures were incubated for 72 h at 37°C in
humidified air containing 5% CO,, then cells were collected
and used as target cells.

2.10. Cytotoxicity assay

Spleen cell suspensions were prepared from naive SJL/J
mice, and were treated with ACK buffer to lyse eryth-
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rocytes, then macrophages were depleted by adherence on a
plastic culture dish for 2-3 h at 37 °C. Nonadherent cells
were collected, washed with complete medium, and used as
effector cells.

Cytotoxicity assays were performed using flow cyto-
metric method of Slezak and Horan (Slezak and Horan,
1989). Briefly, 3 days after stimulation, cultured T line cells
or ConA-stimulated T cells were labeled with a lipophilic
green fluorescent cell linker PKH 2, which can incorporate
into the cell membrane. Uniform labeling of cells was
confirmed by visualization using a fluorescent microscope.
Labeled target cells (7) were then incubated in triplicate
with nonlabeled syngeneic effector cells (E) at ratio of 1:50,
1:100, 1:200, 1:400 (T:E) respectively for 4 h at 37 °C in
humidified air containing 5% CO,. Then cells were
collected, stained with PI, and analyzed by flow cytometry.
Controls consisted of cultured T line cells or ConA-
stimulated T cells without effector cells. Cytotoxicity was
determined by calculating the percentage of cells positive
for both PI (red) and PKH 2 (green). NK cells cytotoxicity
was expressed by subtracting the background from the
average of three samples at each E:T ratio.

2.11. NK cells enrichment

Nonadherent spleen cells were prepared from naive SJL/J
mice as described above, then incubated with anti-mouse
CD,¢ Microbeads and anti-mouse CDs Microbeads for 15
min at 6-12 °C. Then NK cells were negatively selected by
passing through a MACS column according to the
manufacturer’s instructions. The purity of NK cells was
examined by flow cytometry. Cytotoxicity assay was also
performed by using enriched NK cells as effector cells.

2.12. Statistical analysis
Differences between groups were evaluated by student’s
¢ test. Statistical analysis was performed on the Excel

program for Macintosh (Microsoft).

Normal C57BL/6J mice
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Fig. 2. Low NKT cell levels in SJL/J mice. Normal naive SIL/J mice and C57BL/6J mice spleen were removed, and stained with anti-NK 1.1 PE and anti-CD3

FITC mAbs. One representative experiment out of three is shown.
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3. Results
3.1. NK cell depletion enhanced EAE in SJL/J mice

3.1.1. In vivo NK cell depletion

Before and after treatment of naive SJL/J mice with
NK1.1 mAb, CD;NKI.1" cells were 2.51%, 0.65%;
CDisDX5 cells were 1.29%, 0.33%; and DXsNKI1.1"
cells were 1.02%, 0.15% in the spleen, respectively. Thus,
anti-NK1.1 mAb treatment depleted about 75% of NK
cells in vivo.

Isotype-matched control mAb did not induce depletion of
NK cells, which was proved both by previous work in our lab
(Zhang et al., 1997) and by present work (data not show).

3.1.2. NK cell depletion enhanced EAE in SJL/J mice

Immunization with the used dose of PLP;34_;5¢ induced
a relatively mild form of EAE in untreated SJL/J mice and
the mice injected with PBS. On the contrary, administration
of anti-NK1.1 mAb 1 day before and 14 days after
immunization resulted in aggravation of EAE, although
the onset time of the two groups was not different
discernibly. By the end of observation, the mice from the
control group recovered almost completely, whereas the
anti-NK 1.1 mAb-treated mice did not show any recovery
signs (Fig. 1). The clinical score of isotype-matched control
mADb-treated mice was essentially the same as that of PBS-
treated controls (data not show).

3.1.3. Low NKT cell levels in SJL/J mice

Anti-NK1.1 mAb depleted NK1.1* population which
include both NK cells and NKT cells, NKT cells have also
been suspected to be involved in the regulation of auto-
immune processes (Mieza et al., 1996; Sumida et al., 1995;
Fritz and Zhao, 2001). Interestingly, NKT cell population is
quite low in SJL/J mice, much lower than that in C57BL/6J
mice (Fig. 2).

50 PLP T line celis 1
* % ]
45 OVA T line cells il
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Effector cells : Target cells

400:1

Fig. 4. Specificity of NK cell cytotoxicity. Cytotoxic effect of naive mice
splenic NK cells to PLP-specific T cell lines, OVA-specific T cell lines, and
ConA-stimulated T cells were examined and compared by using the same
method as described in the legend to Fig. 3. The final results were
calculated by subtracting the background and expressed as mean + S.E. of
three samples at each E:T ratio. ¥P <0.05; **P<0.01.

3.2. NK cells exert direct cytotoxic effect on myelin antigen-
specific, encephalitogenic T cells

The cultured PLP-specific, encephalitogenic T line cells
were used as the target. The cytotoxicity of naive mice
splenic NK cells to the target was assayed by the flow
cytometric method.

PKH 2-labeled cells showed a uniform mean fluores-
cence intensity of 10, If target cells were incubated alone
without effector cells for 4 h, most of the target cells
(94.38%) were still living (Fig. 3A). However, if the target
cells were incubated with naive mice spleen cells, after 4 h
of incubation, the dead target cells, which were shown as
PKH 2, PI double positive cells, increased obviously (Fig.
3B). Further more, the percentage of dead target cells
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Fig. 3. NK cells exert direct cytotoxic effect on PLP-specific encephalitogenic T cell lines. The target T line cells were labeled with PKH 2, then labeled target
cells were incubated with nonlabeled naive mice spleen cells at the ratio of 50:1, 100:1, 200:1, 400:1 (Effector:Target). After 4 h of incubation, cells were
harvested and stained with PL Dead target T cells were double positive for both PKH 2 and PI, while living target cells were only positive for PKH 2. (A)
without effector cells; (B) with effector cells at the ratio of 200:1. One representative experiment out of three is shown.
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increased when the effector cells (SJL/J mice spleen cells)
were increased in the culture in a dose-dependent manner
(Figs. 4 and 6). This result implied that NK cells in the
spleen exerted direct cytotoxic effect on PLP-specific,
encephalitogenic target T cells.

3.3. Cytotoxicity to PLP-specific, encephalitogenic T line
cells were enhanced by using enriched NK cells as effector
cells

Before and after NK cell enrichment, NK1.1% cells were
3.99%, 29.19%; DX4 cells were 2.38%, 30.56%; NK1.1%/
DX? cells were 1.93%, 25.97% respectively (Fig. 5).

Cytotoxicity to PLP-specific, encephalitogenic T line
cells was enhanced by using enriched NK cells as effector
cells (Fig. 6). This result further confirmed that the
cytotoxicity to myelin antigen-specific T cells was due to
the NK cells in the spleen.
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3.4. NK cells also exert direct cytotoxic effect on OVA-
specific T cell line and Cond-stimulated T cells

To investigate the specificity of NK cell cytotoxic effect
on their targets, OVA-specific T cell line and ConA-
stimulated T cells were also examined as target cells by
exactly the same method as described above. We found that
NK cells also exert direct cytotoxic effect on OVA-specific
T line cells and ConA-stimulated T cells (Fig. 4). However,
PLP-specific T line cells tended to be killed more efficiently.

4. Discussion
4.1. NK cells play a regulatory role in EAE

The present work demonstrated the inhibitory role of
NK cells in EAE in SJL/J mice by in vivo treatment with
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Fig. 5. NK cell enrichment. Nonadherent spleen cells which were prepared from naive SJL/J mice were incubated with anti-mouse CD,4 Microbeads and anti-
mouse CDs Microbeads for 15 min. Then NK cells were negatively selected by passing through a MACS column, Then the purity of NK cells was examined

and compared with that of normal SJL/J mice spleen cells.
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whole spleen
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after NK cell
enrichment
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Fig. 6. Cytotoxicity to PLP-specific, encephalitogenic T line cells was
enhanced by using enriched NK cells as effector cells. Cytotoxic effect to
PLP-specific, encephalitogenic T cells by using naive mice splenic NK cells
and enriched NK cells as effector cells was examined and compared by
using the same method as described in the legend to Fig. 3. The final results
were calculated by subtracting the background and expressed as mean +
S.E. of three samples at each E:T ratio. *P<0.05; ¥*P<0.01.

NKI1.1 mAb (Fig. 1). Although we did not entirely exclude
the involvement of NKT cells from the experiment, our
previous paper shows that aggravation of EAE by NK cell
deletion was also seen in B2-microglobulin™~ (B2m™")
mice, indicating that NK cells can play a regulatory role in
a manner independent of CD8" T cells or NK1.1" T cells
(NKT cells). Furthermore, EAE passively induced by the
MOG 35_ss-specific T cell line was also enhanced by NK
cell deletion in B6, BZm_/ ~, and recombination activation
gene 2 (RAG-2)™"" mice, indicating that the regulation by
NK cells can be independent of T, B, or NKT cells (Zhang
et al., 1997). We found that the number of NKT cells is
quite low in SJL/J mice, much lower than that of B6 mice
(Fig. 2). Moreover, it has been reported that NKT cells in
SJL/J mice are functionally deficient (Yoshimoto et al.,
1995).

4.2. Mechanism of NK cell regulatory roles in EAE

What we are most interested in is the mechanism by
which NK cells could mediate immune regulation. To date,
the major effector activities of NK cells which have been
identified are cytokine production and the ability of
inducing target lysis. In our experiment, we proved the
induction of target lysis by NK cells, although we cannot
exclude that cytokines produced by NK cells also involved
in the regulation of the disease. We found that NK cells
exerted direct cytotoxic effect on newly stimulated myelin
antigen-specific, encephalitogenic T cells, as well as OVA-
specific T cells and ConA-stimulated T cells (Figs. 3 and
4). Although encephalitogenic T cells tended to be killed
more efficiently, we conclude that NK cells play a
regulatory role in EAE through killing of syngeneic T
cells which include myelin antigen-specific, encephalito-
genic T cells, thus ameliorate EAE. It has been reported

that activated, but not resting T cells can be recognized
and killed by syngeneic NK cells (Rabinovich et al,
2003), which may coincide with our observation. Although
CD8" T cells could also exert cytotoxic effect on target
cells, CD8" T cells are needed to be activated before they
play their functional role. So we think it is unlikely that
CD8" T cells could play an important role on cytotoxicity
within 4 h of incubation. Furthermore, when using
enriched NK cells in which CD; T cells were greatly
decreased as effector cells (Fig. 5), we found that the
cytotoxicity to myelin antigen-specific T cells were
enhanced (Fig. 6). This result further indicated that NK
cells in the spleen exerted cytotoxic effect on encephalito-
genic T cells.

It has been known that NK cells induce target lysis via
perforin (Kagi et al., 1994)- and/or TRAIL (Takeda et al,,
2001)-dependent mechanisms. Although we have not yet
examined the molecular mechanism of NK cell-mediated
target lysis, it has been reported that blockade of TRAIL
with its soluble receptor exacerbated EAE (Hilliard et al.,
2001). We need to work further to identify the target
molecule which may be expressed on the surface of the
encephalitogenic T cells.

As to the therapy for MS, it has been accepted that type 1
interferon, especially IFN-B, is one of the standard therapy
for relapsing—remitting and secondary progressive MS, and
it is probably the most effective non-immunosuppressive
therapy available now. And it is also well known that IFN-
o/R increases cytotoxicity of NK cells. This is consistent
with our conclusion that NK cells play a regulatory role in
EAE through killing of syngeneic T cells which include
myelin antigen-specific, encephalitogenic T cells, thus
ameliorate EAE. Furthermore, on examining the effect of
treating patients with relapsing-remitting MS with a high
dose of IFN-B-1B, a strong inverse relationship between NK
cell Iytic activity and the number of active lesions identified
by MRI was found in patients (Kastrukoff et al., 1999). It is
interesting to know that TRAIL is a potential response
marker for interferon-p treatment in multiple sclerosis
(Wandinger et al., 2003). Other NK cell enhancer, such as
Linomide, has also been reported to be able to suppress
EAE (Karussis et al., 1993).

In summary, our results suggested that boosting NK cells
in number and activity may be a promising immunother-
apeutic strategy for multiple sclerosis. and some other
autoimmune diseases.
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ABSTRACT

In humans, the administration of phencyclidine causes schizo-
phrenic-like symptoms that persist for several weeks after with-
drawal from phencyclidine use. We demonstrated here that
mice pretreated with phencyclidine (10 mg/kg/day s.c. for 14
days) showed an enduring impairment of associative in a Pav-
lovian fear conditioning 8 days after cessation of phencyclidine
treatment. Extracellular signaling-regulated kinase (ERK) was
transiently activated in the amygdalag and hippocampi of
saline-treated mice after conditioning. In the phencyclidine-
treated mice, the basal level of ERK activation was elevated in
the hippocampus, whereas the activation was impaired in the
amygdala and hippocampus after conditioning. Exogenous N-
methyl-p-aspartate (NMDA), glycine, and spermidine-induced

ERK activation was not observed in slices of hippocampus and
amygdala prepared from phencyclidine-treated mice. Re-
peated olanzapine (3 mg/kg/day p.o. for 7 days), but not halo-
peridol (1 mg/kg/day p.o. for 7 days), treatment reversed the
impairment of associative learning and of fear conditioning-
induced ERK activation in repeated phencyclidine-treated
mice. Our findings suggest an involvement of abnormal ERK
signaling via NMDA receptors in repeated phencyclidine treat-
ment-induced cognitive dysfunction. Furthermore, our phen-
cyclidine-treated mice would be a useful model for studying
the effect of antipsychotics on cognitive dysfunction in schizo-
phrenia.

In humans, phencyclidine, a noncompetitive N-methyl-p-
aspartate (NMDA) receptor antagonist, has been shown to
induce schizophrenia-like psychosis representing positive
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(e.g., hallucination and paranoia) and negative symptoms
(e.g., emotional withdrawal and motor retardation) and cog-
nitive dysfunction (Javitt and Zukin, 1991). It is interesting
that such schizophrenia-like symptoms persisted for several
weeks after withdrawal from long-term phencyclidine use
(Rainey and Crowder, 1975; Allen and Young, 1978; Jentsch
and Roth, 1999). Phencyclidine psychosis has been demon-
strated to represent a drug-induced model of schizophrenia
(Javitt and Zukin, 1991). We have reported previously that
repeated phencyclidine treatment induces persistent en-
hancement of immobility in a forced swimming test (Noda et
al., 1995, 2000) and social behavior deficit in mice (Qiao et al.,
2001), which would be an animal model of negative symp-

ABBREVIATIONS: NMDA, N-methyl-p-aspartate; ERK, extracellular signaling-regulated kinase; NR1 subunit; N-methyl-p-aspartate receptor
subunit; MK-801, dizocilpine maleate; VEH, vehicle; OLZ, olanzapine; HAL, haloperidol; PCP, phencyclidine; ANOVA, analysis of variance; TBS,
Tris-buffered saline; BDNF, brain-derived neurotrophic factor; PCP, phencyclidine.
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toms. In cognitive function, it is well known that one-time
administration of phencyclidine induces a transient cognitive
dysfunction (Nabeshima et al., 1986; Noda et al., 2001).
Jentsch and colleagues (1997a,b) have reported that repeated
phencyclidine treatment induces an enduring working mem-
ory impairment in the T-maze of rats and memory impair-
ment in an “object retrieval with a detour” task of monkeys.
However, there were contradictory results about the endur-
ing impairment of working memory in rats (Stefani and
Moghaddam, 2002; Li et al., 2003). Although it has reported
recently that spatial learning is impaired 1 day after re-
peated phencyclidine treatment in object recognition test of
mice (Mandillo et al., 2008), it is not clear whether long-
lasting cognitive dysfunction occurred in other types of learn-
ing and memory tasks.

Pavlovian fear conditioning is a useful tool for investigat-
ing associative learning, because the neuronal circuits un-
derlying this task have been mapped (Maren, 2001). The
cued fear conditioning depends on the amygdala, whereas the
contextual fear conditioning depends on both the hippocam-
pus and amygdala. Recent studies have identified the molec-
ular basis of learning in this task. Activation of extracellular
signaling-regulated kinase (ERK) via NMDA receptors in the
hippocampus and amygdala is required for associative learn-
ing in fear conditioning (Atkins et al., 1998; Schafe et al.,
2000; Athos et al., 2002).

The present study was designed to test the hypothesis that
phencyclidine-pretreated mice develop an impairment of as-
sociative learning in Pavlovian fear conditioning after with-
drawal from phencyclidine, and such impairment is mediated
via a dysfunction of NMDA-ERK signaling. We attempted to
investigate whether an impairment of associative learning is
produced after repeated administration of phencyclidine and
the changes of ERK activation in phencyclidine-treated mice
after fear conditioning and NMDA receptor stimulation. Fi-
nally, for determining whether our model could be used as a
model of the cognitive dysfunction in schizophrenia, the ef-
fects of haloperidol (a typical antipsychotic) and olanzapine
(an atypical antipsychotic) on the associative learning in
phencyclidine-treated mice were investigated.

Materials and Methods

Animals. Male mice of the ddY strain (Japan SLC Inc., Shizuoka,
Japan), weighing 25 to 27 g at the beginning of experiments, were
used. They were housed in plastic cages, received food (CE2; Clea
Japan Inc., Tokyo, Japan) and water ad libitum, and were main-
tained on a 12/12-h light/dark cycle (lights on from 8:00 AM to 8:00
PM). All experiments were performed in accordance with the Guide-
lines for Animal Experiments of Nagoya University Graduate School
of Medicine. The procedures involving animals and their care con-
formed to the international guidelines set out in the National Insti-
tutes of Health’s Guide for the Care and Use of Laboratory Animals.

Cued and Contextual Fear Conditioning. Cued and contex-
tual fear conditioning was performed according to a previous report
(Nagai et al., 2003) with a minor modification. For measuring basal
levels of freezing response (preconditioning phase), mice were indi-
vidually placed in a neutral cage (17 X 27 X 12.5 cm) for 1 min and
then in the conditioning cage (25 X 31 X 11 em) for 2 min. For
training (conditioning phase), mice were placed in the conditioning
cage, and then a 15-s tone (80 dB) was delivered as a conditioned
stimulus. During the last 5 s of the tone stimulus, a foot shock of 0.8
mA was delivered as an unconditioned stimulus through a shock
generator (Neuroscience Idea Co. Ltd., Osaka, Japan). This proce-

dure was repeated four times with 15-s intervals. Cued and contex-
tual tests were carried out 1 to 2 h or 1 day after fear conditioning.
For the cued test, the freezing response was measured in the neutral
cage for 1 min in the presence of a continuous-tone stimulus identical
with the conditioned stimulus. For the contextual test, mice were
placed in the conditioning cage, and the freezing response was mea-
sured for 2 min in the absence of the conditioned stimulus.

Drugs. Phencyclidine HCI [1-(1-phenylcyclohexyl) piperidine hy-
drochloride] was synthesized by the authors according to the method
of Maddox and colleagues (1965) and was checked for purity. Halo-
peridol (Sigma Chemical, St. Louis, MO) was purchased commer-
cially. Olanzapine was supplied by Eli Lilly & Co. (Indianapolis, IN).
Phencyclidine was dissolved in saline. Haloperidol and olanzapine
were suspended in saline containing 0.1% (w/v) carboxymethyl cel-
lulose sodium salt.

Drug Treatment. Phencyclidine (10 mgrkg/day s.c.) or saline was
administered once a day for 14 consecutive days. Fear conditioning
was performed 8 days after the withdrawal of repeated phencyclidine
treatment. For investigating the effects of repeated antipsychotic
treatment, mice were administered haloperidol (1 mg/kg/day p.o.),
olanzapine (3 mg/kg/day p.o.), or vehicle once a day for 7 consecutive
days from 1 day after the final phencyclidine treatment. On the day
after the final haloperidol or olanzapine treatment, fear conditioning
was performed. On the basis of our previous studies in a forced
swimming test of mice (Noda et al., 1995, 2000), the doses of phen-
cyclidine, olanzapine, and haloperidol were chosen. All compounds
were administered in a volume of 0.1 mV/10 g body weight.

Western Blotting Analysis. Western blotting analysis was per-
formed as described previously (Mizuno et al., 2002) with a minor
modification. Before (basal) and immediately, 1 and 24 h after fear
conditioning, the mice were killed by decapitation, and the brain was
immediately removed. Hippocampi and amygdalae were rapidly dis-
sected out, frozen, and stored at —80°C until used. The brain sam-
ples were homogenized in ice-cold buffer [50 mM Tris-HCI, pH 7.5,
150 mM NaCl, 10 mM NaF, 10 mM EDTA, 1% Nonidet P-40, 1 mM
sodium orthovanadate, 10 mM sodium pyrophosphate, 0.5 mM di-
thiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, 4 ug/ml pepsta-
tin, 4 pg/ml aprotinin, and 4 pg/ml leupeptin for measuring ERK; or
20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 50 mM NaF, 2 mM EDTA,
0.1% SDS, 1% sodium deoxycholate, 1% Nonidet P-40, 1 mM sodium
orthovanadate, 20 ug/ml pepstatin, 20 pg/ml aprotinin, and 20 ug/ml
leupeptin for measuring the NMDA receptor ¢ subunit (NR1) and
actin]. The lysate was centrifuged at 8000g for 10 min at 4°C. The
protein concentration of the supernatant was determined by a Brad-
ford assay (Bio-Rad, Hercules, CA). Sample buffer was added to the
supernatant, and the mixture was boiled at 95°C for 5 min. Equiv-
alent amounts of protein (50 pg) were electrophoresed on SDS-
polyacrylamide gel, transferred to PVDF membranes (Millipore Cor-
poration, Billerica, MA), and blocked with a Detector Block Kit
(Kirkegaard and Perry Laboratories, Gaithersburg, MD). The mem-
branes were incubated with anti-phospho-ERK antibody (1:1000;
New England Biolabs, Beverly, MA), anti-NR1, CT antibody (1:1000;
Upstate Biotechnology, Lake Placid, NY), or anti-actin antibody (C-
11) (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA) at 4°C
overnight. The membranes were washed with the washing buffer (50
mM Tris-HCl, pH 7.4, 0.05% Tween 20, and 150 mM NaCl) three
times for 10 min each. After incubation with secondary antibodies
conjugated to horseradish peroxidase, the membranes were washed
with the washing buffer three times for 10 min each. The immune
complex was detected by an enhanced chemiluminescence kit (GE
Healthcare, Little Chalfont, Buckinghamshire, UK) and exposed to
X-ray film. Images on X-ray film were captured using charge-coupled
device camera (Atto Bioscience, Tokyo, Japan). The band intensities
were quantitatively analyzed using the Atto Densitograph Software
Library Lane Analyzer. To measure total (phospho- and nonphos-
pho-) ERK, membranes were stripped with stripping buffer (100 mM
2-melcaptoethanol, 2% SDS, and 62.5 mM Tris-HCI, pH 6.7) at 50°C
for 10 min and incubated with anti-ERK antibody (1:1000; New
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England Biolabs) at 4°C overnight. The immune complex was de-
tected as described above. To evaluate the ERK activation, the phos-
pho-ERK levels were normalized to the total ERK levels in the same
membranes, and then each phospho-ERK/total ERK level was nor-
malized to basal phospho-ERK/total ERK level in saline-treated
mice. To evaluate the NR1 levels, the NR1 levels were normalized to
the actin levels in the same membranes, and then each NR1/actin
level was normalized to NR1/actin level in saline-treated mice.

Immunohistochemical Analysis. Inmunohistochemical analy-
sis was performed as described previously (Schafe et al., 2000; Kim
et al., 2003) with a minor modification. Before and immediately after
fear conditioning, mice were anesthetized with chloral hydrate (200
mg/kg i.p.) and then transcardially perfused with ice-cold 20 mM
Tris-buffered saline (TBS) followed by 4% paraformaldehyde in 0.1
M Tris-HCl buffer, pH 7.4. Perfused brains were fixed at 4°C for 24 h
in the same fixative and then immersed in 30% sucrose in TBS until
the brain sank to the bottom. Immersed brains were cut into 30-pum
transverse free-floating sections using a horizontal sliding mic-
rotome. For immunochistochemistry, sections were blocked in 0.3%
hydrogen peroxide in TBS for 30 min and then followed by 30-min
incubation in 0.4% Triton X-100, 4% normal goat serum, and 0.25%
bovine serum albumin in TBS. After incubation in primary antibody
against phospho-ERK (1:200) at 4°C for 48 h, sections were incu-
bated in biotinylated anti-rabbit IgG (Vector Laboratories, Burlin-
game, CA) at room temperature for 2 h, and then followed by 1 h
incubation in Avidin-Biotin complex (Vector Laboratories) at room
temperature. 3-3'-Diaminobenzidine was used as a chromogen. Ac-
cording to a previous article (Sananbenesi et al., 2002), the density of
phospho-ERK-stained cells were analyzed from the standardized
area of 0.72 mm? in lateral and central amygdala, 1.58 to 1.70 mm
posterior to bregma, using computer-based image analysis system
(C. Imaging System; Compic, Mars, PA) attached to a light micro-
scope (Olympus BX60-FLB-3; Olympus, Tokyo, Japan). To evaluate
the ERK activation, the phospho-ERK levels after fear conditioning
were normalized to the mean basal phospho-ERK level in each treat-
ment. R

Slice Stimulation. Slice stimulation was essentially preformed
as described previously (Mamiya et al., 2003) with a minor modifi-
cation. Eight days after the final phencyclidine treatment, the mice
were killed by decapitation, and the brain was immediately removed.
Amygdalae and hippocampi were dissected. Hippocampi were sliced
at a thickness of 300 pm in a Mcllwain tissue chopper (Mickle
Laboratory Engineering, Gomshall, Surrey, UK). Amygdalae was
sliced manually with a blade. After preincubation at 37°C in Ringer’s
buffer (10 mM HEPES-NaOH, pH 7.4, 135 mM NaCl, 5 mM KCl, 1
mM CaCl,, 10 mM glucose; gassed with 95% O, and 5% COy) for 5
min, each slice was stimulated with NMDA (100 uM), glycine (10
uM), and spermidine (1 mM) for 5 min. After NMDA receptor stim-
ulation, the slices were washed with ice-cold Ringer’s buffer two
times. The slices were homogenized as described above for Western
blotting analysis.

Statistical Analysis. Statistical analysis was performed by one-
way or two-way analysis of variance (ANOVA) using Bonferroni’s
test. The unpaired ¢ test was used to compare two sets of data. A
value of p < 0.05 was considered statistically significant. Data were
expressed as the mean = S.E.M.

Results

Effect of Repeated Phencyclidine Treatment on Fear
Conditioning in Mice. In the preconditioning phase, both
saline- and phencyclidine-treated mice hardly showed the
freezing response. There were no differences in basal levels of
freezing response between the two groups (data not shown).
In cued (amygdala-dependent but hippocampus-indepen-
dent) and contextual (amygdala- and hippocampus-depen-
dent) fear conditioning, animals learned to fear tone and
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context associated with the room for foot shock. Both saline-
and phencyclidine-treated mice showed marked cued and
contextual freezing response 1 to 2 h after fear conditioning,
and there was no significant difference between the two
groups (Fig. 1, a and b). However, when cued and contextual
freezing response was measured 1 day later, the phencyecli-
dine-treated mice exhibited less freezing response (cued test:
p < 0.01; contextual test: p < 0.05; Fig. 1, ¢ and d). No
alterations of nociceptive response were found in the phen-
cyclidine-treated mice: the minimal current required to elicit
flinching/running, jumping, or vocalization in the phencyecli-
dine-treated mice was the same as that in the saline-treated
mice (data not shown).

ERK Activation in the Amygdala and Hippocampus
after Fear Conditioning., Phospho-ERK levels in the
amygdala and hippocampus of the saline-treated mice were
gignificantly increased immediately after fear conditioning,
compared with basal levels (before conditioning) (p < 0.01,
Fig. 2, a and b). The increase in phospho-ERK levels was
transient and returned to basal levels within 1 h in both
regions. In the amygdalae of the phencyclidine-treated mice,
fear conditioning did not significantly increase the phospho-
ERK levels compared with the basal level (Fig. 2a), and the
phospho-ERK level immediately after conditioning in the
phencyclidine-treated mice was significantly lower than that
in the saline-treated mice (p < 0.05, Fig. 2a).

The basal phospho-ERK level in the hippocampi of the
phencyclidine-treated unconditioned mice was significantly
elevated compared with that in the saline-treated uncondi-
tioned mice (p < 0.05, Fig. 2b). However, fear conditioning
did not cause a further increase compared with the basal
level (Fig. 2b). Fear conditioning did not cause any changes in
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Fig. 1. Effect of repeated phencyclidine treatment on performance of fear
conditioning in mice. Fear conditioning was performed 8 days after ces-
sation of phencyclidine treatment (10 mg/kg/day s.c. for 14 days). Cued
and contextual tests were performed 1 to 2 h (a, cued test; b, contextual
test) and 1 day after fear conditioning (¢, cued test; d, contextual test).
Values correspond to mean = S E.M. *, p < 0.05 and **, p < 0.01 versus
saline-treated mice (unpaired ¢ test).



