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Involvement of serine/threonine protein phosphatases sensitive

to okadaic acid in restraint stress-induced hyperlocomotion
in cocaine-sensitized mice
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1 We used okadaic acid (OA), a potent preferential inhibitor of PP2A and PP5 but not PP1 (PP
subfamilies), to examine the involvement of serine/threonine protein phosphatase (PP) in behavioral
sensitization stimulated by treatment with cocaine in mice.

2 Repeated administration of cocaine (10mgkg™") once a day for five consecutive days produced
a progressive increase in locomotor activity that was maintained after the cessation of cocaine
treatment, as revealed by the fact that a challenge dose of cocaine given on day 7 of withdrawal
reproduced an enhanced stimulant effect.

3 On the seventh day of withdrawal, OA-sensitive PP activity and expression of PP2A and PP35, but
not PP1y, were increased in whole-cell extract of the nucleus accumbens and the ventral tegmental area
in cocaine-sensitized mice, compared to saline-treated mice.

4 Restraint stress increased locomotor activity in cocaine-sensitized mice on day 7 after drug
administration was ceased. The locomotor activity was more susceptible to restraint-elicited
enhancement in cocaine-sensitized mice than in saline-treated mice. The restraint-induced
hyperlocomotion was suppressed by a single intracerebroventricular injection of OA immediately
before restraint in cocaine-sensitized mice, but this suppression did not occur in saline-treated mice.
5 The membrane fraction of the whole brain in cocaine-sensitized mice showed that OA-sensitive
activity levels rise after mice are subjected to restraint, and this is concomitant with an increase in
expression levels of PP2A and PPS5, but not PP1y.

6 These results suggest that the upregulated OA-sensitive PPs are involved in stress-induced
hyperlocomotion in cocaine-sensitized mice. There may be intracellular mechanisms mediating
psychostimulant cross-sensitization to stress underlying the spontaneous recurrence of its psychosis.
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Introduction

Psychostimulants, such as cocaine, produce psychomotor
excitation via the mesolimbic dopamine system, which consists
of the ventral tegmental area (VTA), the nucleus accumbens
(NAc) and the frontal cortex. Repeated administration of
psychostimulants elicits enduring neuroadaptation. This is
associated with enhanced behavioral responsiveness to drug
administration and may be correlated with drug addiction and
the maintenance of paranoid psychosis in human stimulant
abusers. Once abstinent from psychostimulants, addicted
individuals can experience intense craving induced by a single
drug-taking experience or an environmental stimulus, which
may lead to relapse to abuse (Jaffe et al., 1989; Ehrman et al.,
1992). Animal models of addiction have provided substantial
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information about drug-induced neuroadaptations, including
behavioral sensitization to the stimulant effect of repeated
drug administration and the reinstatement of drug-seeking
behavior in animals extinguished from drug self-administra-
tion (Ujike, 2002).

Chronic administration of large doses of psychomotor
stimulants can result in the development of psychosis in
humans (Sato et al., 1992; Jaffe, 2002). Although abstinent
from stimulants, stressful experiences may elicit a spontaneous
recurrence of the psychoses (Yui et al., 1999). The roles of
stress and the subsequent activation of the hypothalamo—
pituitary—adrenal (HPA) axis in relapse have been under
investigation. It has been shown that corticotropin-releasing
factor and glucocorticoid hormone, stress-coping molecules
released from the activated HPA axis, both play an important
role in relapse, and can induce reinstatement of drug-seeking
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behavior (Sarnyai et al., 2001; Marinelli & Piazza, 2002).
However, the intracellular signal transduction systems under-
lying stress-induced relapse remain unclear.

The phosphorylation state of functional protein molecules
determines their physiological activity in many cellular events.
The protein kinases involved in drug addiction are well
recognized, but only one subfamily of serine (Ser)/threonine
(Thr) protein phosphatase (PP), called PP1 (Svenningsson
et al., 2004; Valjent et al., 2005), is known to contribute to
drug addiction. A better understanding of the role PPs play in
addiction could provide useful information in the development
of strategies for preventing relapse.

In the present study, we first examined the stimulant effect
of repeated administration of cocaine, which induced beha-
vioral sensitization to its psychostimulant effects, on the
expression level of PPs in the NAc and the VTA, primary brain
regions related to the development of drug addiction. Next, we
used okadaic acid (OA), a potent preferential inhibitor for
PP2A and PP5 but not PPI, to test the involvement of OA-
sensitive PPs in cocaine-induced behavioral sensitization to
restraint, during cocaine withdrawal. Furthermore, because
subcellular translocation of PPs is believed to be the primary
mode of activation in mammalian cells, we asked whether
stress induced by a period of restraint altered the subcellular
distribution and activity of PPs. Thus, we examined the
influence of restraint on the expression level and activity of
OA-sensitive PPs in membrane and cytosol fractions extracted
from whole brain.

Methods

A total of 187 male ICR mice (SLC, Hamamatsu, Japan)
weighing 25-35 g were used. They were housed five to a cage
in an air-conditioned (23-24°C, 60% humidity) and light-
controlled (light from 08:00 to 20:00 hours) room. All cocaine
injections (10mgkg™!) and behavioral tests were performed
during the light cycle. Mice were given saline or cocaine
subcutaneously once a day for five consecutive days, and then
given no further injections for 6 days. On day 7 of this
withdrawal period, animals received a single injection of saline
or cocaine, referred to as challenge, or were subjected to
restraint. This involved placing an animal in a 50-ml centrifuge
tube (Corning, New York, NY, U.S.A.) with a breathing hole
for 5, 30 or 60 min. Control animals were not subjected to
restraint but were handled for a few seconds. Intracerebroven-
tricular (i.c.v) injections of OA or saline were given immedi-
ately before exposure to restraint. Locomotor activity was
measured in a 31 x 36-cm cage in a chamber with an array of
fresnel lenses above the cage, which monitored motion in
multiple zones of the cage (CompACT AMS, Muromachi
Kikai, Tokyo, Japan). One day before cocaine treatment
commenced, the animals received a single subcutaneous
injection of saline and were left in the measurement cages for
3h in order to adapt them to the measurement environment
and injection procedure. The animals were further habituated
to the measuring cages for 3 h on all cocaine injection days and
on day 7 of the withdrawal period. After habituation, animals
received drug injections and/or restraint, and then locomotor
activity was monitored in the measuring cages for 60 or
180 min. All procedures were approved by Animal Research
Committee of Wakayama Medical University in accordance

with Japanese Government Animal Protection and Manage-
ment Law, Japanese Government Notification on Feeding and
Safekeeping of Animals and The Guidelines for Animal
Experiments in Wakayama Medical University (approval
number 64).

Mice were killed by instantaneous dislocation of the neck,
an appropriate method of humane killing, on day 7 of
withdrawal, followed by removal of the whole brains for
preparation of whole-cell extract. Thick coronal sections of the
forebrain and the midbrain were made, and then the ventral
striatum, including the NAc, and the ventral part of the
midbrain, including the VTA, were isolated from the coronal
sections. These dissected tissues were subject to whole-cell
extraction, as reported previously (Maeda et al., 2005a). In
brief, the tissues were lysed by brief sonication in ice-cold lysis
buffer: 50mMm Tris (pH 7.0), 0.1 mM EDTA, 0.1 mMm EGTA,
ImM dithiothreitol, 0.1% Triton X-100, 0.1 mM p-amino-
benzamide, 10 ug ml~' leupeptin, 1 uygml™' pepstatin and 1 mm
phenylmethylsulfonyl fluoride. The lysed tissues were centri-
fuged at 15,000 x g at 4°C for 30 min. The supernatants were
used as a whole-cell extract of the NAc and the VTA.

In another experiment, the whole brain was used for the
preparation of subcellular fractions. The whole brains of mice
were quickly removed immediately after the cessation of
restraint, the peak time for producing restraint-induced
hyperlocomotion, as had been revealed by measurements of
locomotor activity (Figure 4a). The whole brain was homo-
genized using a motor-driven glass-Teflon homogenizer in
ice-cold buffer A containing 20 mM Tris-HCI (pH 7.5), 2mM
EDTA, 0.5mM EGTA, 1 mM phenylmethylsulfonyl fluoride,
25 ugml~! leupeptin, 0.1 mgml~! aprotinin and 0.32 M sucrose.
The homogenate was centrifuged at 1000 x g for 10 min and
the resultant supernatant was recentrifuged at 100,000 x g for
30 min at 4°C. The pellets were washed with buffer A without
sucrose and dissolved in 0.5ml of the lysis buffer, and then
retained as the crude membrane fraction, referred to as the
membrane fraction. The resulting supernatant was subjected
to acetone precipitation in order to extract and concentrate
proteins in the cytosol fraction. Then, nine volumes of cold
acetone were added to one volume of the supernatant. This
was shaken vigorously and kept at —70°C for 10 min and then
centrifuged at 1000 x g at 4°C for 10min. The resulting
supernatant was discarded and the resulting pellet left under
dry air to eliminate any acetone residue. The dried pellet was
dissolved in 0.25ml of the lysis buffer and retained as the
cytosol fraction.

The PP activity was measured according to our methods
reported previously (Maeda et al, 2005a). To remove
endogenous phosphate, the prepared extracts were passed
once through Micro Bio-Spin Chromatography Columns (Bio-
Rad, Tokyo, Japan), and the flow-through extract was
retained as the sample. The protein concentration of sample
was evaluated by the Bradford method (Coomassie Protein
Assay Kit). Phosphatase assays were performed using the
molybdate, malachite green, phosphate complex assay kit with
synthetic phosphopeptide as substrate (Serine/Threonine
Phosphatase Assay System), as described below. Five micro-
grams of sample was incubated at 37°C for 30 min in 50 ul
reaction buffer including 5nmol synthetic phosphopeptide:
50mM imidazole (pH 7.2), 0.2mM EGTA, 0.02% f-mercap-
toethanol and 0.1 mgml~' BSA. Reactions were terminated by
adding the molybdate dye buffer and incubated at room
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temperature for 30min. Absorbance was determined at
600 nm. The liberated free phosphate was detected neither in
the reaction mixture lacking the synthetic phosphopeptide nor
in the reaction mixture without the tissue sample (data not
shown). We regarded the free phosphate detected after
incubation as being liberated from the synthetic phosphopep-
tide that resulted from dephosphorylation by PP. OA-sensitive
PP activity was determined as the difference in PP activity in
the presence or absence of 100 nM OA.

The levels of PPs were measured with methods similar to
those reported previously (Maeda et al., 2005a). The protein
concentration of the prepared extract was evaluated by
Bradford method and adjusted to 5ugul~'. The following
sample buffer was added in equal proportion to the extract,
followed by boiling for 7min: 0.5M Tris, 10% sodium dodecyl
sulfate (SDS), 10% glycerol, 2-mercaptoethanol and 1%
bromophenol blue. Proteins in the sample were separated by
size¢ on 10% SDS-polyacrylamide gel and transferred to
nitrocellulose membranes in blotting buffer: 25mMm Tris,
192mM glycine, 0.05% SDS and 20% methanol. The
transferred membranes were blocked in phosphate-buffered
saline (PBS) containing 5% non-fat dried milk at room
temperature for 2h. The membrane was incubated in primary
antibody diluted in PBS containing 5% BSA at 4°C overnight:
anti-PP1y1 catalytic subunit antibody, anti-PP2A catalytic o
subunit antibody or anti-PP5/PPT antibody, followed by 2h
incubation at room temperature with secondary antibody,
horseradish peroxidase-conjugated goat anti-mouse IgG di-
luted in PBS containing 5% non-fat dried milk and 0.05%
Tween 20. Chemiluminescence of the antigen—antibody perox-
idase complex was performed by LumiGLO Reagent and
Peroxide, and detected by Chemiluiminator (ATTO, Tokyo,
Japan) and analyzed by NIH image (NIH, Bethesda, MD,
U.S.A)).

Drugs

Cocaine hydrochloride (Takeda Pharmaceutical Company,
Osaka, Japan) and OA sodium salt (Sigma-Aldrich, St Louis,
MO, U.S.A.) were dissolved in saline. The following chemicals
and reagents were used in the present study: anti-PPlyl
catalytic subunit antibody (Exalpha Biologicals, Watertown,
MA, U.S.A)), anti-PP2A catalytic o« subunit antibody and anti-
PP5/PPT antibody (BD Bioscience, Tokyo, Japan), horse-
radish peroxidase-conjugated goat anti-mouse IgG (Zymed
Laboratories, San Francisco, CA, U.S.A.), LumiGLO Re-
agent and Peroxide (Cell Signaling Technology, Beverly, MA,
U.S.A.), Coomassie Protein Assay Kit (Pierce, Rockford, IL,
U.S.A.) and Serine/Threonine Phosphatase Assay System
(Promega, Madison, WI, U.S.A.). All other chemicals were
purchased from Nacalai Tesque (Kyoto, Japan) or Wako Pure
Chemical Industries (Osaka, Japan).

Data analysis

Data are represented as mean+s.e.m. Statistical significance
between unpaired groups was assessed using an unpaired
Student’s #-test for comparing two columns (Figures 2 and 3)
or a one-way ANOVA test followed by Dunnett’s post hoc test
(Figures 1 and 4) or Bonferroni post hoc test (Figures 5 and 6)
for multiple comparisons. For the analysis of locomotor
activity during the test day (Figure 1), a one-way ANOVA for
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Figure 1 Repeated administration of cocaine (COC; 10mgkg™")
induced behavioral sensitization in mice. Twenty-two animals were
administered the drug followed by locomotor testing once a day for
5 days. Saline (SAL) with COC challenge was administered to eight
mice and COC was administered to14 animals once a day from day 1
to day 5. In mice receiving COC regimen, only one animal did not
develop behavioral sensitization and was thus removed from these
data but was used in experiments shown in Figure 5 as a
nonsensitized animal. Of the remaining 13 mice, those with
behavioral sensitization were challenged with cocaine or saline on
day 7 of withdrawal: five mice were in the COC with SAL challenge
group and eight were in the COC with COC challenge group
(10mgkg™"). The ordinate indicates the total amount of locomotor
activity for 3h after administration. A one-way ANOVA for
repeated measures revealed that the significant difference on the
test day in SAL with COC challenge (Fs3s=109.23, P<0.0001),
COC with SAL challenge (F 5.0 =42.88, P<0.0001) and COC with
COC challenge (F s 35 =89.83, P<0.0001). *P<0.05 and **P<0.01
vs on test day 1 in each group (Dunnett’s test). #*P<0.01 vs SAL
with COC challenge and ¥P<0.01 vs COC with SAL challenge
(Fo,18=178.75, P<0.0001, a one-way ANOVA followed by Dun-
nett’s test).

repeated measures was used to ascertain differences, followed
by Dunnett’s post hoc test for multiple comparisons. Sig-
nificance was set at the P<0.05 level.

Results

The total number of mice used in the present study was 187,
with 68 treated with repeated administration of saline and 119
treated with cocaine. Repeated administration of saline did not
affect locomotor activity measured after daily saline injection:
the locomotor activity on day 1 was not significantly different
from that on days 2-5 (F(s35=109.23, P<0.0001, one-way
ANOVA for repeated measurements; ¢ =0.14, 0.08, 0.23 and
0.62 on days 2, 3, 4 and 5, respectively; P>0.05 on the second
day to the fifth day vs on the first day; Dunnett’s test;
Figure 1). One hundred and seven out of 119 mice receiving
repeated administration of cocaine showed more counts of
locomotor activity on day 5 than on day 1, and were regarded
as animals with behavioral sensitization to the stimulant effect
of cocaine. The remaining 12 mice that showed no behavioral
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sensitization were removed from the experimental group unless
otherwise noted and were used only in restraint studies as
described below. Repeated administration of cocaine induced
a progressive increase in locomotor activity in mice receiving
repeated administration of cocaine followed by saline chal-
lenge (Fs20=42.88, P<0.0001) and cocaine challenge
(Fs35=289.83, P<0.0001), revealed by a one-way ANOVA
for repeated measurements (Figure 1). The locomotor activity
on days 3-5 was significantly greater than on day 1 in mice
receiving repeated administration of cocaine followed by saline
challenge (¢ =3.05, P<0.05 on day 3; g=6.76, P<0.01 on day
4; ¢=9.35, P<0.01 on day 5; Dunnett’s test) and by cocaine
challenge (¢ =5.163, P<0.01 on day 3; ¢=10.61, P<0.01 on
day 4; ¢=16.67, P<0.01 on day 5; Dunnett’s test). To test
whether our regimen of cocaine administration produced long-
lasting locomotor sensitization, the mice pretreated with saline
or cocaine were challenged with 10mgkg~" cocaine on day 7
of withdrawal, the 12th test day (Figure 1). Mice receiving
repeated administration of cocaine showed enhanced augmen-
tation of locomotor activity on day 12, revealed by cocaine
challenge (¢=28.02, P<0.01 vs on day 1, Dunnett’s test). The
locomotor activity was also significantly greater on day 12
in cocaine-treated mice with cocaine challenge (F 5= 78.75,
P<0.0001, one-way ANOVA), compared to saline-treated
animals given cocaine challenge (¢ =9.48, P<0.01; Dunnett’s
test) and in cocaine-treated animals with saline challenge
(g=11.55, P<0.01, Dunnett’s test).

On day 7 of withdrawal, we assessed OA-sensitive PP
activity in the whole-cell extract of the NAc and the VTA
(Figure 2). The PP activity was observed in the NAc and the
VTA of mice receiving repeated administration of saline.
Student’s r-test revealed a significant difference between saline
and cocaine treatment in the NAc (df=12, r=2.79,
P=0.0164) and the VTA (df=13, r=2.31, P=0.0376). We
examined the effect of repeated administration of cocaine
on the protein levels of PPs in the whole-cell extract of the
NAc and the VTA in mice on day 7 of withdrawal (Figure 3).
Repeated administration of cocaine produced a significant
increase in the level of PP2A in the NAc (df=10, t=4.69,
P=8.61x10% and in the VTA (df=10, ¢=38.65,
P=5.92 x 107°). The level of PP5 was significantly greater in
the NAc (df=10, t=9.58, P=2.36 x 107°), but not in the
VTA (df=10, t=0.919, P=0.380), of the cocaine-treated
group compared with the saline-treated group. The level of
PPly was not changed in the NAc (df=10, 7=0.201,
P=0.845) or the VTA (df=10, r=2.01, P=0.0726) in
cocaine-treated mice, as compared to saline-treated mice.

To test whether PPs are involved in the cross-sensitization
between cocaine and stress, we exposed cocaine-treated mice
to restraint on day 7 of withdrawal (Figure 4). Control mice,
which were handled for a few seconds without restraint,
showed negligible locomotor activity, whether or not they had
received the cocaine regimen. Exposure to 30 min of restraint
elicited a marked increase in locomotor activity in cocaine-
treated mice, but not in saline-treated mice. The locomotor
activity was maximal immediately after the end of restraint
(Figure 4a). The restraint-induced hyperlocomotion was
dependent on the duration of restraint in both saline-
(F.22=38.84, P=4.91x10"% one-way ANOVA) and co-
caine-treated mice (F320=9.19, P=1.97 x 10™*, one-way
ANOVA). The locomotor activity was, however, more
responsive to 30min restraint in cocaine-treated animals
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Figure 2 OA-sensitive PP activity was increased in the brains of
mice receiving repeated administration of saline (SAL) or cocaine
(COC; 10mgkg™"). Thirty-one animals went through locomotor
testing once a day on day 1 and day 5 of repeated administration;
SAL or COC was administered to 16 or 15 animals once a day for 5
days, respectively. Of those receiving COC regimen, only two
animals did not develop behavioral sensitization and were removed
from the data shown in this figure and were used as nonsensitization
animals in experiments shown in Figure 5. Of the remaining 13
animals receiving COC, the NAc was isolated on withdrawal day 7
and another five animals were used to isolate VTA tissue. In SAL-
treated animals, the NAc and the VTA was isolated from six and 10
out of 16 animals receiving SAL, respectively. Mice did not go
through drug challenge and locomotor testing on withdrawal day 7
before tissue collection. The whole-cell extract was prepared from
the NAc and the VTA of mice on day 7 of withdrawal. The free
phosphate liberated by dephosphorylation was measured for
evaluation of PP activity. OA-sensitive PP activity was determined
as the difference in PP activity in the absence of and in the presence
of 100nM OA. The values in the parenthesis are the experimental
number of mice. Student’s #-test revealed the significant difference
between SAL and COC treatment in the NAc (df=12, r=2.79,
P=0.0164) and the VTA (df =13, t=2.31, P=0.0376). *P<0.05 vs
SAL, determined by Student’s ¢-test.

(g=2.69, P<0.05 vs control, Dunnett’s test) than in saline-
treated mice (¢=1.60, P>0.05 vs control, Dunnett’s test)
(Figure 4b). We also examined the effect of restraint on
locomotor activity using mice in which behavioral sensitization
had not developed even though they have been given the
cocaine regimen, as described above. The locomotor activity
was unchanged by restraint for 30min in the mice (total
locomotor activity of 6584260 counts, n=6; df=14,
P=0.735 vs control mice showing behavioral sensitization
(n=10), Student’s r-test).

To examine the effect the development of behavioral
sensitization has on the PPs in the subcellular fraction, we
first compared basal functioning of PPs of the whole brain.
The activity and the protein levels of PPs in the membrane
fraction and the cytosol fraction was compared between non-
cocaine-sensitized mice and cocaine-sensitized mice with
control treatment. The PP activity was significantly greater
in the membrane fraction (F,,7)=25.47, P<0.0001, one-way
ANOVA; t=3.14, P<0.05, Bonferroni test), but not in the
cytosol fraction (Fp17=2.95, P=0.080, one-way ANOVA),
in cocaine-sensitized mice than in non-cocaine-sensitized
animals (Figure 5a). Significant increases were observed in
PP2A levels (Fp.17=17.38, P<0.0001, one-way ANOVA;
t=3.13, P<0.05, Bonferroni test) and PP5 (F( 7 =15.26,
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Figure 3 Upregulation of OA-sensitive PPs in the brains of mice
receiving repeated administration of cocaine (COC; 10mgkg™").
Photographs are representative immunoblots of PPly, PP2A and
PPS5 protein in the NAc. Twelve animals went through locomotor
testing using the method described for Figure 2. Saline (SAL) or
COC was administered to six animals as described in Figure 2. All
the animals subjected to the cocaine regimen developed behavioral
sensitization. Mice did not go through drug challenge and
locomotor testing on withdrawal day 7 before tissue collection.
The NAc and the VTA were both isolated from all animals on day 7
of withdrawal. The individual prepared extracts were used in
immunoblots using antibody against all examined subtypes of PPs.
Student,s t-test revealed that PP2A content in the COC-treated
group was significantly different in the NAc (df=10, r=4.69,
P=8.61x10"" and the VTA (df=10, r=8.65, P=5.92 x 107°)
compared to those given SAL, whereas PP5 content in the COC-
treated group was significantly different only in the NAc (df =10,
1=9.58, P=2.36x10"%) compared to mice given SAL. n=6.
**¥*P<0.001 vs SAL, determined by Student’s r-test.

P=0.0002, one-way ANOVA; t=2.67, P<0.05, Bonferroni
test) in the membrane fraction, but not in the cytosol fraction
(Fai7n=1.05, P=0.372 in PP2A; F,,7=0.827, P=0.454 in
PP5), in cocaine-sensitized mice, compared to non-cocaine-
sensitized mice (Figure 5b). On the other hand, the level of
PPly was not changed in the membrane fraction
(Fp.17=0.217, P=0.807, one-way ANOVA) or the cytosol
fraction (Fp,7=0.169, P=0.846, one-way ANOVA).
Whether restraint affected the subcellular localization and
activity of OA-sensitive PPs was examined in the subcellular
fraction of whole brain in cocaine-sensitized mice. The PP
activity was significantly greater in the membrane fraction
in restraint-exposed mice than in control animals (r=4.11,
P<0.01, Bonferroni test), whereas restraint did not signifi-
cantly change the PP activity in the cytosol fraction
(Figure 5a). Immunoblots for OA-sensitive PPs revealed that
restraint induced significant increases in the amount of PP2A
measured (1=2.88, P<0.05, Bonferroni test) and PP5
(t=2.96, P<0.05, Bonferroni test) in the membrane fraction,
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Figure 4 Exposure to restraint stress (RS) elicits greater hyperlo-
comotion in cocaine (COC)-sensitized mice. (a) Time course of
locomotor activity in mice following 30min of restraint. (b)
Hyperlocomotion depends on the duration of RS. Fifty-nine
animals went through locomotor testing as described in Figure 2.
Saline (SAL) or COC (10mgkg™") was administered to 26 or 39
animals, respectively, but six animals did not develop behavioral
sensitization and were thus omitted from the data. The omitted six
animals were exposed to RS for 30 min and subsequent locomotor
activity was measured on withdrawal day 7 as described earlier.
Twenty-six mice exposed to the SAL regimen and the remaining 33
mice with behavioral sensitization were assigned randomly with
respect to length of time subjected to restraint (parenthesis in b). A
single period of restraint (RS (+)) or handling (control treatment;
RS (—)) was performed on withdrawal day 7. Locomotor activity
was subsequently monitored in 5min bin for 60 min. A one-way
ANOVA followed by Dunnett’s test revealed a significant increase in
locomotor  activity in  SAL-treated mice (F;2,=28.84,
P=491x10"% ¢g=4.87, P<0.0l in 60min-RS) compared to
COC-sensitized mice (F320=9.19, P=197x10"% ¢=2.69,
P<0.05 in 30min-RS; ¢=4.93, P<0.01 in 60 min-RS). *P<0.05
and **P<0.01, determined by Dunnett’s test.

but not in the cytosol fraction, in cocaine-sensitized mice
(Figure 5b). On the other hand, the PP1y level was not changed
by restraint in the membrane fraction or the cytosol fraction.

We examined the effect of i.c.v. injection of OA on restraint-
induced hyperlocomotive activity. The significant increase in
locomotor activity induced by 60 min restraint (F 2, = 11.40,
P=1.03x10"% one-way ANOVA; t=5.06, P<0.001 vs
control without OA, Bonferroni test) was not altered in
saline-treated mice by 100 pg OA administered immediately
before restraint (¢=1.25, P>0.05, Bonferroni test)
(Figure 6a). On the other hand, OA (1-100pg) suppressed
the significant increase in locomotor activity induced by
30min restraint in cocaine-sensitized mice (Fs41)=28.23,

British Journal of Pharmacology vol 148 (4)



410 T. Maeda et al

Protein phosphatase related to cross-sensitization

a b
1500 4
H H
= = 1000 il
) ) )
® © #
< <
[} [} *
@ @D
2 2
=% a 500 A
0] [0]
(4] 4]
i C
1 i : ; ©)]}(7) ©)]}7)3 [l
NCR NCR NCR NCR NCR NCR NCR NCR
membrane cytosol membrane cytosol membrane cytosol membrane cytosol
PP1y PP2A PP5

Figure 5 Restraint stress exposure for 30 min increased the activated form of OA-sensitive PPs in the brain membrane fraction of
cocaine-sensitized mice. Fourteen animals were given the cocaine regimen followed by locomotor testing, resulting in the behavioral
sensitization of all the animals. On withdrawal day 7, seven animals received control treatment (C), and the other seven animals were
subjected to restraint for 30 min (R). All the sensitized animals were killed immediately at the end of the restraint period. In addition,
six nonsensitized mice (N) removed in experiments described in Figures 1, 2 and 6 were killed. The membrane fraction and the
cytosol fraction were prepared from the collected whole brain. (a) The OA-sensitive PP activity. The free phosphate liberated by
dephosphorylation was measured for PP activity. OA-sensitive PP activity was determined as the difference in PP activity in the
absence of and in the presence of 100 nM OA. The one-way ANOVA followed by Bonferroni test revealed a significant difference in
PP activity in the membrane fraction (F 17y =25.47, P<0.0001; r=3.14, P<0.05in C vs N; t=4.11, P<0.01 in R vs C), but not in
the cytosol fraction (F,17)=2.95, P=0.080). (b) The contents of PPs in membrane and cytosol were assayed by Western blot. The
one-way ANOVA followed by Bonferroni test revealed the following: in the membrane PP1y (F(,7,=0.217, P=0.807); in the
cytosol PP1y (F(5,7)=0.169, P=0.846); in the membrane PP2A (F,7=17.38, P<0.0001; r=3.13, P<0.05 in C vs N; 1=2.88,
P<0.05 in R vs C); in the cytosol PP2A (F,17)=1.05, P =0.372); in the membrane PP5 (F ;) =15.26, P =0.0002; r =2.67, P<0.05
in C vs N; 1=2.96, P<0.05 in R vs C); in the cytosol PP5 (F(3,7)=0.827, P=0.454). *P<0.05 vs N, #P<0.05 and P <0.01 vs C,

determined by Bonferroni test.

P=1.88x107°, one-way ANOVA; t=5.17, P<0.001 vs
control without OA, Bonferroni test) in a dose-dependent
manner (t=3.52, P<0.05 at 1pg; t=4.17, P<0.01 at 10 pg;
t=4.84, P<0.001 at 100 pg, vs 30 min-restraint without OA in
cocaine-sensitized mice; Bonferroni test) (Figure 6b). The
locomotor activity was not affected by 100 pg OA in control
animals treated with saline (r=1.50, P>0.05 vs control
without OA in saline-treated mice, Bonferroni test;
Figure 6a) or cocaine (1=0.50, P>0.05 vs control without
OA in cocaine-sensitized mice, Bonferroni test; Figure 6b).

Discussion

There have been fewer studies into the role of the PP family
in drug addiction, compared to studies of the role of Ser/Thr
protein kinases. PP1, although a PP subfamily with low
affinity for OA, is possibly involved in drug addiction, as
indicated by studies using animals with genetically modified
dopamine- and cAMP-regulated phosphorylation of Mr
32,000 (DARPP-32), which is an intrinsic inhibitor for PP1
and has been most extensively studied (Hiroi er al., 1999;
Valjent et al., 2005). On the other hand, it is unclear whether
OA-sensitive PPs are involved in drug addiction.

To elucidate the involvement of OA-sensitive PPs, PP2A
and PP3, in behavioral sensitization to the stimulant effect of
cocaine, we first examined the effect of repeated administra-
tion of cocaine, which produced behavioral sensitization on
the expression levels of PP2A and PP5 in the whole-cell extract
of the NAc and the VTA of mice (Figure 3). PP1y, PP2A and
PP5 were all expressed in both the NAc and the VTA in mice
receiving repeated administration of saline, as reported

previously (Abe et al., 1994; Becker et al., 1994; da Cruz E
Silva et al., 1995). Repeated administration of cocaine altered
the expression levels of PP2A in both brain regions, whereas
the amount of PP5 was increased only in the NAc. In contrast,
a change in the level of PP1y was not observed in either brain
region (Figure 3). These results suggest that the changes that
occur after cessation of daily cocaine administration are due to
previous treatment, the last of which was performed on day 5.
The increase in OA-sensitive PP expression was associated
with an enhancement of OA-sensitive PP activity in the whole-
cell extract of both regions (Figure 2). These results suggest
that repeated administration of cocaine upregulates the
activated form of PP2A and PP5 in the brain region related
to drug addiction, although the reason for the regional
difference in the change in expression level of PP5 remains
unclear. Backes & Hemby (2003) found that the PP2A
catalytic subunit mRNA, but not the PPl family, were
upregulated after 1 day and 20 days of self-administration of
cocaine in the VTA dopamine neurons of rats, which may
support in part the present results. This led us to consider the
role OA-sensitive PPs may play in the withdrawal period in
cocaine-sensitized mice.

As yet, there are no studies that have examined the influence
of restraint on spontaneous locomotor activity during with-
drawal from repeated administration of cocaine in mice. We
think it is likely related to stress-induced reinstatement of drug
seeking or drug taking and stress-induced recurrence of
psychostimulant psychosis (Ujike, 2002). Understanding the
mechanisms underlying cocaine-induced behavioral sensitiza-
tion to stress may therefore throw more light on the biological
basis of addiction. The present study showed that restraint
induced hyperlocomotion in both saline-treated and cocaine-
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Figure 6 Restraint stress (RS) elicits OA-sensitive hyperlocomo-
tion in cocaine-sensitized mice. Forty animals were given the cocaine
regimen followed by locomotor testing as described earlier, but three
animals did not develop behavioral sensitization and thus were
omitted from the data. Three omitted animals were used in
experiments described in Figure 5 as nonsensitized animals. The
remaining 37 mice with behavioral sensitization were assigned
randomly as shown by the number in the parenthesis in the
treatment groups. Intracerebroventricular administration of OA or
saline was given to saline-treated (a) and cocaine-sensitized (b) mice
immediately before restraint on day 7 of withdrawal, and subsequent
locomotor activity was monitored for 60 min. A one-way ANOVA
followed by Bonferroni test revealed a significant increase in
locomotor activity induced by 60min-RS (F;.,)=11.40,
P=1.03x10"% t=5.06, P<0.001) which was not altered in
saline-treated mice by 100 pg OA immediately before RS (r=1.25,
P>0.05). On the other hand, OA (1-100pg) suppressed the
significant increase in locomotor activity induced by 30 min-RS in
cocaine-sensitized mice (Fiqy=28.23, P=188x107° ¢=5.17,
P<0.001) in a dose-dependent manner (1=3.52, P<0.05 at 1pg;
t=4.17, P<0.01 at 10 pg; t =4.84, P<0.001 at 100 pg, vs 30-min RS
without OA in cocaine-sensitized mice). *P<0.05, **P<0.01 and
***P<0.001 determined by Bonferroni test.

sensitized mice on day 7 of withdrawal in a manner dependent
on the duration of restraint exposure. The locomotor activity,
however, was more susceptible to restraint-elicited augmenta-
tion in cocaine-sensitized mice than in saline-treated mice.
Thirty minutes of restraint did not alter locomotor activity in
mice receiving repeated administration of saline or in mice that
did not show behavioral sensitization even though they were
given repeated administration of cocaine. The results suggest
that cocaine-sensitized mice are predisposed to stress-induced
hyperlocomotion, which is referred to as cross-sensitization
and is maintained over the withdrawal period (Kalivas &
Stewart, 1991).

The dosage of OA used in the present study was determined
based on our previous study, which demonstrated that i.c.v.
injection of OA-blocked morphine-induced antinociception via
the inhibition of PP2A and/or PP5 in mice (Maeda et al.,
2005a). Another study indicates the possibility that similar
doses of OA preferentially block PP2A rather than PP1 when
injected i.c.v. to mice (Moncada et al., 2003). Therefore, the
doses of OA used in the present study seem sufficient to
specifically inhibit OA-sensitive PPs in the mouse brain. Using
this dosage of OA, we examined the effect of i.c.v. injection of
OA on restraint-induced hyperlocomotion. Restraint-induced
hyperlocomotion in cocaine-sensitized mice, but not in saline-

treated mice, was blocked by i.c.v. injection of OA before
restraint in a dose-dependent manner. This led us to propose
that OA-sensitive PPs work specifically on the expression of
cross-sensitization in mice with behavioral sensitization to
stimulant effect of cocaine.

OA-sensitive PPs can dephosphorylate some membrane
molecules, such as ion channels, neurotransmitter receptors
and neurotransmitter transporters, some of which are a
possible molecular basis for addiction. That enables us to
focus on the effect of restraint on the OA-sensitive PP activity
in the subcellular fraction of whole brain in cocaine-sensitized
mice. Here, we demonstrate that restraint can activate OA-
sensitive PPs in the membrane fraction of whole brain in
cocaine-sensitized mice at a peak time to produce the restraint-
induced hyperlocomotion. Restraint-induced enhancement of
OA-sensitive PP activity was accompanied by an incremental
increase in the expression levels of PP2A and PPS5, but not
PP1ly, in the membrane fraction in cocaine-sensitized mice.
These results suggest that exposure to restraint stimulates
translocation of PP2A and PPS5 to the cell membrane to induce
hyperlocomotion in cocaine-sensitized mice, but not in saline-
treated mice. The present study leads us to the proposal that
increased protein dephosphorylation in the membrane fraction
mediated by OA-sensitive PPs is required for restraint-induced
hyperlocomotion in cocaine-sensitized mice.

The present results raise two questions about the involve-
ment of OA-sensitive PPs in stress-induced hyperlocomotion
in cocaine-sensitized mice. Firstly, which membrane protein
molecules are dephospholyrated by OA-sensitive PPs in order
to elicit hyperlocomotion in cocaine-sensitized mice subjected
to restraint? One candidate molecule is the large conductance
calcium-activated potassium channel, referred to as the BK
channel. Synthetic glucocorticoid reportedly activates BK
channels through PP2A (Tian et al., 1998; 2001). This led us
to consider that stress stimuli activate the HPA axis to release
glucocorticoid, which in turn stimulates the BK channel
through the stimulation and association of PP2A. The
activation of the BK channel could result in modification of
cell excitability related to the expression of hyperlocomotion.
It is, however, an open question whether the candidate is
involved in restraint-induced hyperlocomotion only in cocaine-
sensitized mice.

The second question is how restraint causes translocation of
OA-sensitive PPs to the cell membrane in cocaine-sensitized
mice. There are two reports suggesting that PP2A can be
translocated to the membrane fraction to dephosphorylate
certain membrane molecules. One example is antigen-stimu-
lated transient, reversible translocation and activation of PP2A
in the membrane during mast cell secretion (Ludowyke et al.,
2000). The other is that PP2A complexes are translocated to
the membrane fraction to dephosphorylate retinal membrane
protein during dark exposure in mouse retina (Brown et al.,
2002). These reports suggest that the physiological stimuli are
sufficient to induce PP2A translocation to the cell membrane,
which triggers a physiological response in vivo. On the other
hand, although it is known that stress has a propensity to
augment the psychomotor effects of psychostimulants (Kalivas
& Stewart, 1991), what is it that makes the connection between
the restraint stimulus and PP2A translocation to induce
consequent hyperlocomotion? Synaptic plasticity in the
glutamatergic afferents to the NAc has been implicated in
behavioral sensitization to the stimulant effect of cocaine by
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some studies. Injection of an AMPA receptor agonist to the
NAc elicited hyperlocomotion only in cocaine-sensitized mice
(Pierce et al., 1996). Long-term depression (LTD) at the
glutamatergic afferents, an example of synaptic plasticity, was
accompanied by behavioral sensitization to the stimulant effect
of cocaine (Thomas et al., 2001; Maeda et al., 2005b). Another
experiment showed that upregulation in non-NMDA receptors
in the NAc inhibited stress-induced reinstatement of cocaine-
seeking behavior in animals trained to self-administer cocaine,
another model for addiction (Sutton et al., 2003). A further
important fact is that the synaptic activation of OA-sensitive
PPs is required for the maintenance of LTD (Mulkey et al.,
1993). These reports propose that stress alters plasticity of
glutamatergic systems through the activation of OA-sensitive
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