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Fig. 3 Growth of the laryngeal sac in 3 chimpanzees: Ayumu (male, diamonds); Cleo (female, triangles),
and Pal (female, squares). Ly=Iength of the hyoidal recess; Lg=length of the suprasternal recess of the sac.
We could not measure Lg at some points because the landmarks were out of the image. Open symbols
mean that the sac had already expanded beyond the superior edge of the sternum. The sac reached almost

. the superior edge of the stemoid at 2 yr of in Pal (*; Fig. 2¢). In early infancy, the laryngeal sac grows
gradually to form the configuration that most adult primate species having a sac show. After late infancy,
the sac expands rapidly in the great apes. See also the definitions in Methods.

Discussion

MRI showed 2 distinct phéses in the growth of the laryngeal air sac in chimpanzees.
In early infancy, the laryngeal sac grows gradually to expand superiorly to the dorsal
area of the body of the hyoid and then to extend inferiorly along the ventral aspect of
the laryngeal cartilages. Many nonhominoid primates show such a configuration,
despite differences in the forms of the sac. Despite controversies regarding the
distributions of each type, depending on species, they have a subhyoid sac extending
from a ventral midsagittal opening just above the glottis, an infraglottal sac forming
from a ventral midsagittal opening between the thyroid and cricoid cartilages, a
dorsal sac from a dorsal infraglottal opening between the cricoid cartilage and the
first tracheal ring, or they may show bilateral supraventricular sacs arising from
bilateral fissures above the ventricles (Hayama 1970; Hewitt et al. 2002; Negus
1949; Starck and Schneider 1960). The sac expands within the laryngeal in most
species, and at its largest, it expands within the neck (Geist 1965; Hayama 1970;
Hewitt et al. 2002; Hill and Booth 1957; Negus 1949; Starck and Schneider 1960;
Tucker and Tucker 1975). By contrast, from late infancy, the chimpanzees showed a
rapid expansion of the sac along the trachea and beyond the neck, despite the slight
differences in the timing between subjects. Though we did not evaluate it, the
growth phase possibly continues quite early in development to form a sac expanding
into the pectoral, clavicular, and axillary regions. Siamang (Synphalangus
syndactylus) have a ventricular sac, as in great apes, and their sac expands in part
to reach the sternum (Hayama 1970; Marler and Tenaza 1977). A ventricular sac
may therefore have an advantage over the other forms in enlargement of the
laryngeal sac. However, siamang probably do not share the rapid growth phase, so
their sac shows no large expansion. Thus, the rapid growth phase in late infancy is
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likely a derived phase that contributes principally to the formation of the enlarged
sac in chimpanzees.

We found that the rapid growth phase of the laryngeal sac started in the 2 female
subjects earlier than in the male, but it remains unclear whether this depends on the
sexual dimorphism of the sac. In all great apes and siamang, both males and females
have a similar configuration of the sac (Hayama 1970). However, all great apes
probably show sexual dimorphism in the volume of the sac, which in turn depends
on sexual dimorphism in body size. They also show sex-related differences in
behavior patterns involving the laryngeal sac; e.g., inflation of the sac for resonance
of thoracic percussion during drumming in male gorillas, and for size exaggeration
displays in male orangutans (Marler and Tenaza, 1977; Tuttle 1986). Such
differences might depend on sexual dimorphism in volume, but there is little
information on the issue. Future studies using large longitudinal samples are
necessary to determine whether sexual differences in developmental patterns might
contribute to adult sexual dimorphism in sac volumes.

The sacs reached the dorsal region of the hyoidal body by 4 mo in all subjects, but
we could not evaluate the time of fusion of the bilateral growing sacs. Avril (1963),
using 6 chimpanzee cadavers ranging from the fetal to the subadult stage (Table I),
found that the unilateral sac expands greatly and that another sac extends ventrally to
fuse with it in the late juvenile period, suggesting that a unilateral sac would have
expanded rapidly in late infancy in the subjects examined here. If this is true, fusion
of the bilateral sacs by itself can have no influence on the rapid expansion of a sac in
chimpanzees. However, the fusion in juvenile or adult periods may modify the
functions of a unilateral Jarge sac that has already expanded.

There is little information on the growth patterns of the large sac for other great
apes (Table I). Adult gorillas have a configuration of the sac that is almost the same
as that in chimpanzees (Avril 1963; Kleinschmidt 1938; Raven 1950). By contrast,
orangutans have a different configuration, in which bilateral sacs extend inferiorly
from the ventricles to the neck region and fuse in the pectoral region (Avril 1963;
Brandes 1932; Huber 1931). However, in orangutans the unilateral sac expands
greatly, and another sac expands inferiorly to fuse with it in the late juvenile period,
as with chimpanzees (Brandes 1932; Huber 1931). Thus, though there are slight
differences in the sac configuration, all the great apes possibly share a rapid
expansion of the unilateral sac in late infancy.

The functions of the laryngeal sac in primates are still a matter of debate.
Suggested functions include storage of expired air to increase oxygen uptake (Negus
1949) or reduction of the hyperventilation caused by a long sequence of repetitive
loud calls (Hewitt et al. 2002), generating another sound source in the laryngeal
ventricles (Brandes 1932; Huber 1931; Fitch and Hauser 2003; Kelemen 1948),
resonating the laryngeal voice source to help produce loud and long calls (Gautier
1971; Fitch and Hauser 2003; Marler and Tenaza 1977; Napier and Napier 1985;
Schon 1971; Schén Ybarra 1995), or buffering against the pressure induced by
intensive expiratory airflow following air trapping during 3-dimensional arboreal
locomotion (Hayama 1970; 1996). These functions excluding the first and last are
relevant to vocalization. Though current analysis techniques and acoustic theory
need to address such hypotheses (Lieberman 2006; Riede et al. 2006), vocal
behavior patterns in great apes have attracted particular attention to the major
@ Springer
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functions of the enlarged sac in adults (Brandes 1932; Fitch and Hauser 2003;
Hewitt et al. 2002; Huber 1931; Kelemen 1948; Marler and Tenaza 1977). However,
an enlarged sac may not necessarily have evolved to be advantageous for an aspect
of vocalization. Though the mature sac probably serves some of the aforementioned
functions in adults, separate functions could have arisen-or disappeared-with each
developmental event of the sac; e.g., gradual growth in early infancy, rapid expan-
sion in late infancy, or fusion of the bilateral sacs in the late juvenile period. Thus,
we suggest that, among the phases, physiological changes accompanying the rapid
expansion of the sac in late infancy are likely to shed light on the original functional
adaptations of the enlarged sac in the common ancestor of the extant great apes.

Despite differences in effect, the functions principally depend on some physio-
logical modifications in the laryngeal region, including activities of related
musculature and manipulation of the airflow. Unfortunately, few studies have
evaluated growth-related changes in physiology in the laryngeal region in chim-
panzees, probably because of technical limitations. Such studies on infants, not on
juveniles and adults, promise to provide valuable insight into the original functional
adaptations of the enlarged sac in the great apes and its apparent evolutionary loss in
humans.
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Abstract

There are few efficacious medications for drug dependence at present. We have previously demonstrated that Leu-Ile, which induces the
expression of not only tumor necrosis factor-a (TNF-a) but also glial cell line-derived neurotrophic factor (GDNF), inhibits methamphetamine
(METH) and morphine (MOR)-induced sensitization and rewarding effects by regulating extracellular dopamine levels via the induction of
TNF-a expression, and indicated the potential of Leu-Ile as a novel therapeutic agent for METH and MOR-induced dependence. In the present
study, we investigated the involvement of GDNF in inhibitory effects of Leu-Ile on MOR-induced sensitization and rewarding effects. Repeated
treatment with MOR for 9 days, which results in an enhancement of the locomotor-stimulating effects (sensitization) of MOR, increased
GDNF levels in the nucleus accumbens compared with those in saline-treated mice. Repeated pre-treatment with Leu-Ile for 9 days potentiated
the MOR-induced increase in GDNF levels. MOR at a low dose (3 mg/kg) produced place preference in GDNF heterozygous knockout
(GDNF-(+/—)) mice, but not in littermate GDNF-(+/+) mice. No inhibitory effect of Leu-Ile on MOR-induced place preference was observed in
GDNF-(+/—) mice. These results suggest that GDNF is involved in the inhibitory effecls of Leu-Ile on MOR-induced sensitization and rewarding

effects.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Drugs of abuse are able to elicit compulsive drug-seeking
behaviors upon repeated administration, which ultimately leads
to the phenomenon of addiction. Evidence indicates that the
susceptibility to develop addiction is influenced by sources of
reinforcement, variable neuroadaptive mechanisms, and neuro-
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enzyme immunoassay; GDNF, glial cell line-derived neurotrophic factor;
METH, methamphetamine; MOR, morphine; NAc, nucleus accumbens; TNF-
«, tumor necrosis factor-a; TH, tyrosine hydroxylase; VTA, ventral tegmental
area
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chemical changes that together lead to altered homeostasis of
the brain reward system [7].

Neurotrophic factors and cytokines, which are known toinflu-
ence synaptic transmission and neuronal morphology [1,2,12],
may be involved in alterations of the morphology of den-
drites and dendritic spines in the nucleus accumbens (NAc)
and prefrontal cortex after repeated injections of psychostimu-
lants [ 18,19]. Glial cell line-derived neurotrophic factor (GDNF)
inhibits the cocaine-induced upregulation of tyrosine hydroxy-
lase (TH) activity in the ventral tegmental area (VTA) and blocks
behavioral responses to cocaine {10]. GDNF would be a candi-
date for therapeutic agents against drug dependence. However,
there are serious obstacles to its therapeutic application: itis dif-
ficult to deliver GDNF from the periphery to the brain, since it is
a macromolecule that cannot penetrate the blood-brain barrier
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{8], and is easily broken down by proteases in the blood stream.
Therefore, GDNF cannot be used directly as a therapeutic tool
for drug dependence. We hypothesized that a low-molecular-
weight compound which induces production of GDNF in the
brain could be a novel therapeutic agent for drug dependence.

Recently, we have demonstrated that Leu-Ile, which induces
the expression of tumor necrosis factor-a (TNF-a) and GDNF,
inhibits methamphetamine (METH)-induced sensitization and
rewarding effects by negating the METH-induced inhibition of
dopamine (DA) uptake as well as attenuating the METH-induced
increase in extracellular DA levels in the NAc via the induc-
tion of TNF-a and GDNF expression [15]. Moreover, we have
demonstrated that Leu-Ile inhibits MOR-induced sensitization
and rewarding effects by regulating extracellular DA levels via
the induction of TNF-a expression {14].

In the present study, to extend our findings, we examined the
involvement of GDNF in addition to TNF-« in inhibitory effects
of Leu-Ile on MOR-induced sensitization and rewarding effects.

2. Materials and methods
2.1. Reagents

GDNF as a standard for the enzyme immunoassay (EIA) was donated by
Amgen (CA, USA). Leu-Ile was purchased from Kokusan Chemical Co., Ltd.
(Tokyo, Japan). All other materials used were of reagent grade.

2.2, Animals

Animals were housed in plastic cages and kept in a temperature-, humidity-,
and light-controlled room (23 + 1°C; 50% 5% humidity; 12:12h light/dark
cycle starting at 8:00 a.m.) and had free access to food and water, except during
behavioral experiments. All animals’ care and use were in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Ani-
mals and were approved by the Institutional Animal Care and Use Committee
of Nagoya University School of Medicine. Animals were treated according to
the Guidelines of Experimental Animal Care issued from the Office of the Prime
Minister of Japan. : :

The wild-type C57BL/6J mice were obtained from Slc Japan (Hamamatsu,
Japan).

Male C57BL/6]J-GDNF heterozygous knockout (GDNF-(+/—)) mice, 8-12
weeks of age, were used in the experiments. GDNF-(+/-) were gencrated as
described previously [17). GDNF (—/—) homozygous knockout mice die shortly
after birth (postnatal 7 days), but GDNF (+/—) mice are viable. GDNF levels
in the frontal cortex, NAc, caudate putamen, and hippocampus of GDNF-(+/-)
mice are 54.8, 65.4, 59.0, and 66.8%, respectively, of those in littermate GDNF-
(+/+) mice [15}. Littermate GDNF-(+/+) mice were used as controls in the
behavioral experiments.

2.3. Locomotor activity

Locomotor activity was measured using an infrared detector (Neuroscience
Co., Ltd., Tokyo, Japan) in a plastic box (32cm x 22 cm x 15 cm high) [11,14].
Mice were administered Leu-1le (1.5 and 15 pmol/kg, i.p.) or vehicle, and habit-
uated for 1 h in the box. Mice were administered MOR (10 mg/kg, s.c.) or saline
1 h after the Leu-lle administration, and the locomotor activity was measured
for 2 h immediately after the MOR or saline administration [14]. Leu-Ile and
MOR were injected once a day for 9 days.

2.4. Enzyme irﬁmunoassay

GDNF levels were measured using an EIA with a minor modiﬁcatioh [13].
Mice were administered Leu-Ile (1.5 and 15 pmol/kg, i.p.) once aday 1 h before
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Fig. 1. Effect of Leu-lle on morphine (MOR)-induced increase in glial cell
line-derived neurotrophic factor (GDNF) levels. (A) Experimental schedule for
measurement of GDNF levels using the enzyme immunoassay (EIA) method.
Mice were treated with Leu-Ile (1.5 and 15 pmol/kg, i.p.) or vehicle 1h before
MOR (10mg/kg, s.c.) or saline once a day for 9 days and decapitated 24 h
after the last MOR or saline administration. (B) Change of GDNF levels in the
nucleus accumbens after the administration of Leu-Ile and/or MOR. Values are
mean+ S.E. (n=6-8). *p<0.05 vs. vehicle/saline-treated mice. *p <0.05 vs.
vehicle/MOR-treated mice. '

MOR (10mg/kg, s.c.) treatment for 9 days and decapitated 24 h after the last
administration of MOR (Fig. 1A). Homogenate buffer (0.1 M Tris—-HCI [pH 7.4]
containing 1 M NaCl, 2% bovine serum albumin, 2 mM EDTA, and 0.2% Na3N)
was added to brain tissue at a ratio of 1 g wet weight per 19 m! of buffer, pulse-
sonicated for 100, and centrifuged at 100,000 x g for 30 min. The supernatant
was collected and used for the EIA.

2.5. Conditioned place preference

The apparatus used for the place conditioning task consisted of two
compartments: a transparent Plexiglas box and a black Plexiglas box (both
15cm x 15¢m x 15¢cm high). To enable mice to distinguish easily the two
compartments, the floors of the transparent and black boxes were covered with
white plastic mesh and black frosting Plexiglas, respectively. Each box could be
divided by asliding door (10 cm x 15 cm high). The place conditioning paradigm
was performed by using a previously established procedure [14,16]. The exper-
imental schedule for the conditioned place preference (CPP) task is shown in
Fig. 2A. In the pre-conditioning test, the sliding door was opened, and the mouse
was allowed to move freely between both boxes for 15min once a day for 3
days. On the third day of the pre-conditioning test, we measured the time that
the mouse spent in the black and transparent boxes by using a Scanet SV-20
LD (Melquest Co., Ltd., Toyama, Japan). The box in which the mouse spent
the most time was referred to as the “preferred side”, and the other box as the
“non-preferred side”. Conditioning was performed during six successive days.
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Fig. 2. Effect of Leu-Ile on MOR-induced place preference in GDNF-(+/-)
mice. (A) Experimental schedule for the conditioned place preference task.
On the third day of the pre-conditioning test, we measured the time that the
mouse spent in the black and transparent boxes. Mice were subcutaneously
given MOR (3 mg/kg, s.c.) and put in its non-preferred side for 20 min. On the
next day, the mouse was given saline and placed opposite the drug conditioning
site for 20 min. These treatments were repeated for three cycles (6 days). In
the post-conditioning test, the sliding door was opened, and we measured the
time that the mouse spent in the black and transparent boxes for 15 min. Closed
arrows indicate the days of MOR or saline administration. Mice were treated
with Leu-lle (1.5 and 15 wmol/kg, i.p.) or vehicle 1h before MOR (3 mg/kg,
s.c.) or saline administration. (B) Effect of Leu-lle treatment on MOR-induced
place preference in GDNF-(+/—) mice. Mice were co-treated with Leu-lle
and MOR in the conditioning phase. Mice were treated with Leu-Ile (1.5 and
15 pmol/kg, i.p.) 1h before MOR (3 mg/kg, 5.c.) or saline administration. Values

Mice were given MOR or saline in the apparatus with the sliding door closed.
That is, a mouse was subcutaneously given MOR and put in its non-preferred
side for 20 min. On the next day, the mouse was given saline and placed opposite
the drug conditioning site for 20 min. These treatments were repeated for three
cycles (6 days). In the post-conditioning test, the sliding door was opened, and
we measured the time that the mouse spent in the black and transparent boxes for
15 min, using the Scanet SV-20 LD. Place conditioning behavior was expressed
by post—pre, which was calculated as: [(post-value) — (pre-value)], where post-
and pre-values were the difference in time spent at the drug conditioning and
the saline conditioning sites in the post-conditioning and pre-conditioning tests,
respectively.

2.6. Statistical analysis

All data were expressed as means+ S.E. Statistical differences among
more than three groups were determined using a one-way analysis of variance
(ANOVA), followed by the Bonferroni multiple comparison test. p <0.05 was
regarded as statistically significant.

3. Results

3.1. Effect of Leu-Ile on MOR-induced increase in GDNF
levels

Single MOR treatment at the dose of 10 mg/kg increases loco-
motor activity, and repeated administration for 9 days results in
an enhancement of the locomotor-stimulating effect of MOR
(sensitization) [14]. Leu-Ile (1.5 and 15 pmol/kg, i.p.) inhibits
the MOR-induced hyperlocomotion and sensitization [14]. The
sensitization to the locomotor-stimulating effects is argued to
reflect one neuroadaptive process associated with dependence.
To confirm the involvement of GDNF in the inhibitory effects of
Leu-Ile on MOR-induced sensitization, GDNEF levels in the NAc
were determined after the co-administration of Leu-Ileand MOR
using the EIA method. MOR (10 mg/kg) increased GDNF lev-
els in the NAc compared with those in the vehicle/saline-treated
mice. GDNF levels after the co-administration of Leu-Ile (1.5
and 15 pmol/kg, i.p.) and MOR (10 mg/kg) were much more
increased compared with those in the vehicle/MOR-treated mice
(F538y=28.1, p<0.05, one-way ANOVA) (Fig. 1B). These
results suggest that GDNF is involved in the effects of Leu-Ile
on the sensitization.

3.2. Effect of Leu-Ile on MOR-induced place preference in
GDNF-(+/—) mice

We have investigated the effects of Leu-Ile on the reward-
ing effects of MOR in the CPP paradigm, in which animals
learn the association of an environment paired with drug expo-
sure. Therefore, CPP is considered a measure of the rewarding
properties of drugs of abuse. Leu-Ile (1.5 pmol/kg, i.p.) inhibits

are means £ S.E. (n=10-14). 'p <0.05 vs. vehicle/MOR-treated GDNF-(+/+)
mice. (C) Change of GDNF levels in the NAc after post-conditioning test in con-
ditioned place preference paradigm. Mice were co-treated with Leu-Ile (1.5 and
15 pmol/kg,i.p.) and MOR (3 mg/kg, s.c.) in the conditioning period and decapi-
tated 24 h after post-conditioning test. Values are means = S.E. (n=S5). *p<0.05
vs. vehicle/saline-treated GDNF-(+/+) mice. #p <0.05 vs. vehicle/MOR-treated
GDNF-(+/+) mice. Abbreviations as in Fig. 1. :
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MOR-induced place preference in C57BL/6J mice [14]. The
involvement of GDNF in the rewarding effects of MOR and
the inhibitory effects of Leu-Ile on MOR-induced place pref-
erence were examined in GDNF-(+/—) mice. The experimental
schedule is described in Fig. 2A. As shown in Fig. 2B, at the
low dose of MOR (3 mg/kg, s.c.), GDNF-(+/—) mice developed
place preference, although littermate control GDNF-(+/+) mice
did not (F(7,86) = 7.6, p < 0.05, one-way ANOVA). When Leu-Ile
(1.5 and 15 wmol/kg, i.p.) was administered 1h before MOR,
it failed to exhibit a significant effect on the action of MOR
in GDNF-(+/—) mice (Fig. 2B). We measured the GDNF lev-
els in the NAc after CPP test using EIA methods. As shown
in Fig. 2C, in the NAc of GDNF-(+/+) mice, administration
of MOR (3 mg/kg, s.c.) during conditioning phase in CPP test
increased GDNF levels compared with vehicle/saline-treated
mice (F732=12.1, p<0.05, one-way ANOVA). Moreover,
Leu-Tle increased GDNF levels in combination with MOR
(3 mg/kg, s.c.) in CPP paradigm compared with vehicle/saline-
treated GDNF-(+/+) mice (Fig. 2C). Conversely, in the NAc of
GDNF-(+/—) mice, we confirmed that administration of MOR
(3 mg/kg, s.c.) during conditioning phase in CPP test, which
could develop place preference, failed to increase GDNF levels.
Moreover, Leu-Ile, which could not inhibit rewarding effects
of MOR, also failed to increase GDNF levels in combination
with MOR in CPP paradigm (Fig. 2C). These results sug-
gest that GDNF acts to negate the rewarding effects of MOR
and is involved in the effects of Leu-Ile on the rewarding
effects.

4. Discussion

GDNF enhances the survival and maintains the differenti-
ated properties of dopaminergic neurons in cell cultures. The
use of GDNF appears to be a promising strategy to promote the
survival and function of the nigrostriatal dopaminergic pathway
damaged in Parkinson’s disease [6]. Transplantation of simian
virus-40 glial cells, which produces and secretes GDNF, or deliv-
ery of GDNF-conjugated nanoparticles into dorsal and ventral
striatum impairs the acquisition of cocaine self-administration
in rats [3,4]. The upregulation of the GDNF pathway in the
midbrain, is the molecular mechanism by which the putative
anti-addiction drug ibogaine mediates its desirable action of
reducing ethanol consumption [5]. Infusion of GDNF into the
VTA blocks certain biochemical adaptations (induction of TH,
NR1 subunit of N-methyl p-aspartate receptors, AFosB and pro-
tein kinase A catalytic subunit) to chronic cocaine or MOR
treatment as well as cocaine-induced place preference [10]. Con-
versely, responses to cocaine are enhanced in rats by intra-VTA
infusion of anti-GDNF antibody and in GDNF-(+/—) mice [10].
GDNF has pronounced effects on the dopaminergic system in
vivo, including neuroprotective effects against METH-induced
neurotoxicity [20]. However, as said at the beginning of this arti-
cle, GDNF cannot be used directly as a therapeutic tool for drug
dependence. '

Recently, we have demonstrated that Leu-Ile, which induces
the expression of TNF-a and GDNF, inhibits METH and
MOR-induced sensitization and rewarding effects [14,15]. In

the present study, to extend our findings, we examined the
involvement of GDNF in the inhibitory effects of Leu-Ile on
MOR-induced sensitization and rewarding effects.

GDNEF levels in the striatum are increased by the intracere-
broventricular administration of Leu-Ile in rats [13]. Expression
levels of GDNF mRNA are significantly elevated 24 h after Leu-
Ile treatment in cultured neurons compared with-the control
group and GDNF levels after the co-administration of Leu-lIle
and METH are significantly increased compared with those in
the vehicle/METH-treated mice {15]. Leu-Ile inhibits the MOR-
induced locomotor sensitization, at least in part, through the
action in the NAc, since it has inhibitory effects on the repeated
MOR treatment-induced increase in extracellular DA levels [14].
In the present study, GDNF levels in the NAc were deter-
mined after the co-administration of Leu-Ile and MOR using
the EIA method. Leu-Ile potentiated MOR-induced increase
in GDNF levels (Fig. 1) in addition to TNF-a [14] in the
NAc. GDNF inhibits the drug-induced upregulation of tyrosine
hydroxylase activity [10]. TNF-a activates plasmalemmal and
vesicular DA transporter [11]. Thereby, we suggest that GDNF
and TNF-a induced by Leu-lIle attenuate the MOR-induced
increase in extracellular DA levels in the NAc and then inhibit
MOR-induced sensitization. In addition, Leu-Ile treatment in
combination with METH or MOR and after withdrawal from
repeated treatment with METH or MOR inhibits place prefer-
ence and sensitization to METH or MOR [14,15]. GDNF acts to
negate the rewarding effects of MOR, since GDNF-(+/—) mice
showed greater MOR-induced place preference compared with
littermate control mice (Fig. 2A and B). GDNF could be involved
in the inhibitory effects of Leu-Ile on the rewarding effects of
MOR, since no effects of Leu-Ile were observed in the GDNF-
(+/—) mice (Fig. 2A and B) and Leu-Ile failed to increase GDNF
levels in combination with MOR in CPP paradigm in the NAc
of GDNF-(+/—) mice (Fig. 2C). GDNF blocks the biochemical
and behavioral responses to chronic cocaine or MOR exposure
[10]. GDNF decreases TH levels in normal animals, suggesting
an active down-regulation of the synthesis of this enzyme [9].
These results suggest that Leu-Ile plays an inhibitory role in the
rewarding effects and sensitization induced by MOR in addition
to METH via the induction of GDNF expression.

Our previous findings indicated that Leu-Ile inhibits MOR-
induced sensitization and rewarding effects by attenuating
the MOR-induced increase in extracellular DA levels via the
induction of TNF-a expression [14]. In the present study, we
demonstrated that GDNF is also involved in the inhibitory effects
of Leu-Ile on MOR-induced sensitization and rewarding effects.
Taken together, Leu-Ile inhibits MOR-induced sensitization and
rewarding effects via the induction of not only TNF-«, but also
GDNEF, expression. Leu-Ile could be a novel therapeutic agent
for MOR-induced dependence.
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Abstract

Peroxynitrite (ONOO™)-mediated damage is regarded to be responsible. for the cognitive dysfunction induced by amyloid beta protein (AB)
in Alzheimer’s disease (AD). In the present study, we examined the protective effects of rosmarinic acid (RA), a natural scavenger of ONOO~,
on the memory impairment in a mouse model induced by acute i.c.v. injection of ABas_35. Mice daily received i.p. several doses of RA after the
injection of AB2s_3s. RA prevented the memory impairments induced by AB,s_ss in the Y maze test and novel object recognition task. RA, at the
effective lowest dose (0.25 mg/kg), prevented ABas_3s-induced nitration of proteins, an indirect indicator of ONOO- damage, in the hippocampus.
At this dose, RA also prevented nitration of proteins and impairment of recognition memory induced by ONOO~-i.c.v-injection. Co-injection of
the non-memory-impairing dose of ONOO™ with AB,s_35 blocked the protective effects of RA (0.25 mg/kg). These results demonstrated that the
memory protective effects of RA in the neurotoxicity of AB,s_ss is due to its scavenging of ONOO™, and that daily consumption of RA may protect -

against memory impairments observed in AD.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Rosmarinic acid; Amyloid beta (25~35); Peroxynitrite; Protein nitration; Memory impairment

1. Introduction

Complementary and alternative medicines, with the superior-
ity as natural substances, have increasingly been used for health
care and treatment for some chronic diseases. A number of herbs,
including Rosmarinus dfficinalis L., Borago officinalis, Melissa
officinalis, and Salvia officinalis, are used as an effective treat-

ment against dementia in Traditional Uighur Medicine. Among .

these herbs, ethanol extracts of M. officinalis and S. officinalis
have been reported to be effective in the management of mild to
moderateé AD in randomized double-blind clinical studies [1,2].
The principal ethanol-soluble constituent, with the therapeutic
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effects, of these herbs has been found to be rosmarinic acid
(RA) [3,16,18] (Fig. 1). RA is regarded as a daily-consumed
safe ingredient, due to its extensive use in food industry for
flavouring. ‘ :

The medicinal value of RA has also been well recognized,
especially in regard to its antioxidant and anti-inflammatory
activities [21,33,37]. RA displays a strong scavenger activity for
ONOO™ and other free radicals [8,21,32]. ONOO™ is respon-
sible for a wide spread biological damage in the brains of AD
[6,35]. AB, the principal component of the senile plagues, is
the main cause of increased ONOQT in the brain of AD [5,41].
In cell culture studies, RA protects against the reactive oxy-
gen species induced by AB [12]. Further, RA not only inhibits
the formation of beta-amyloid fibrils (fFAB), but also destabi-
lizes preformed fA in vitro [27]. These reports suggest.that .
RA have a beneficial role to reduce the neurotoxicity of AP in.
AD. However, no in vivo investigation on the effects of RA on
the cognitive impairment in the neurotoxicity of AR has been
reported. It is necessary to investigate the effects of RA and:
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Fig. 1. Chemical structure of rosmarinic acid.

provide expenmental basis of its use for AB neurotoxicity of
AD.

The major component of senile’ plaques in the brain of
AD is AB1-40 and ABy_4. The core toxic fragment. of full-
length A_B_1_4o is AB2s_3s. AB2s 35 shows faster and stronger,
in the similitude with AB;_49, neurotoxic effects such as oxida-
tive damage, inflammatory responses and memory impairment
[7,17,25,30,40,44,47]. In this study, we have therefore evalu-
ated and characterized the antioxidant effects of RA in a mouse
model of 1mpa1red memory established by the i.c.v.-injection of
ABasas [17).

2. Methods
2.1. Animals

Male ICR mice (Nihon SLC Co., Shizuoka, Japan) were used. The animals
were housed. in-a controlled environment (234:1°C, 50+ 5% humidity) and
allowed food and water ad lib. The room lights were kept on between 8:00 a.m.
and 8:00 p.m. All experiments were performed in accordance with the Guidelines
for Animal Experiments of Nagoya University Graduate School of Medicine.
The procedures involving animals and their care conformed to the international
guidelines set out in “Principles of Laboratory Animal Care” (NIH publication
no. 85 23, revised 1985)

2.2. Intracerebroventricular injection

ABas_3s (Bachem, Bubendorf, Switzerland) was dissolved in sterile double-
distilled water in a concentration of 1 mg/ml and stored at —20 °C before use. The
dissolved ABas_35 was incubated for aggregation at 37 °C for 4 days. The dis-
tilled water was incubated at the same condition as control. Aggregated ABas_3s
(3 pg/3 pl) or incubated distilled water (3 ul) was i.c.v. injected as described
previously [17). Briefly, a microsyringe with a 28-gauge stainless-steel needle
3.0 mm long was uged for all _experiments. Mice were anesthetized lightly with
ether, and the needle inserted unilaterally 1 mm to the right of theé midline point
equidistant from each eye, at an equal distance between the eyes and the ears and

perpendicular to the plane of the skull. A single-shot of the same volome (3 pl)
of peptide or vehicle was delivered gradually within 3 s, Mice exhibited normal
behavior within 1 min after injection. The administration site was confirmed
in preliminary experiments. Neither insertion of the needle nor the volume of
injection had a significant influence on survival, and behavioral responses or
cognitive functions. ONOO™ (Upstate, Lake placid, NY) was i.c. v. injected at
a volume of 1 pl in the same way described above.

2.3. Experimental design

RA (Sigma, USA) was dissolved in physiological saline. Uric acid (UA)
(Wako Chemicals, Osaka, Japan) was prepared as suspension in saline. Imme-
diately after the injection of ABys 35, mice were administrated with RA (0.05,
0.25, 1, 2, and 4 mg/kg day, i.p.) or UA (100 mg/kg, i.p.) daily for 9 consecutive
days. Biochemical and behavioral investigations were performed at the indicated'
time points (see Fig. 2).

2.4. Y-maze test

The Y-maze task was carried out on Day 6 after the injection of ARjs_3s,
as described previously [45). Briefly, the apparatus consisted of black-painted
plywood. Each arm of the Y-maze was 50 cmlong, 12 cmhigh and 4 cmwide and
positioned at an equal anglé. Each mouse was placed at the cross-points of arms
and allowed to move freely through the maze for an 8-min session. The sequence
of arm entries was recorded manually. Spontaneous alternation behavior was
defined as the consecutive entry of a mouse into all three different arms (i.e.,
arm A, arm B, and arm C) to form a triplet of non-repeated components. The
percent spontaneous alternation behavior was calculated as the ratio of actual to
possible alternations (defined as the total number of arm entries — 2) x 100. -

2.5. Novel object recognition task (NORT)

This task, based on the spontaneous tendency of rodents to explore a novel
object more often than a familiar one [10], was performed with a slight modifi-
cation as described previously [9]. A plastic chamber (35 cm x '35 cmx 35 cm)’
was used in low light condition during the light phase of the light/dark cycle. The
general procedure consisted of three different phases: a habituation phase, an
acquisition phase, and aretention phase. On the 1st day (habituation phase), mice
were individually subjected to a single familiarization session of 10 min, during
which they were introduced in the empty arena, in order to become familiar
with the apparatus. On the 2nd day (acquisition phase) animals were subjected
to a single 10-min session, during which floor-fixed two objects (A and B) were
placed in a symmetric position from the centre of the arena, 15 cm fromeach and
8 cm from the nearest wall. The two objects, made of the same wooden material
with the similar color and smell, were different in shape but identical in size.
Mice were allowed to explore the objects in the open field. A preference index
for each mouse was expressed as a ratio of the-amount of time spent exploring
object A (I'a x 100)/(15 + 1), where 15 and I are the time spent onexploring

RA or UA ip. injection

-1 .2 -_3 .4 0 1

3 4 5 6 7 sl

incubation of AB,: s

AB,, 35 injection

ONOQO  injection

Y maze test

protein

object recognition task
nitration ’

Fig. 2. Experimental schedule.
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object A and object B, respectively. On the 3rd day (retention phase), mice were
allowed to explore the open field in the presence of two objects: the familiar
object A and a novel object C in different shape but in similar color and size (A
and C). A recognition index, calculated for each mouse, was expressed as the
ratio (L' x 100)/(L's +1¢), where I’ and I¢ are the time spent during reten-
tion phase on object A and object C, respectively. The time spent exploring the
object (nose pointing toward the object at a distance <1 cm) was recorded by
hand. )

2.6. Western blotting

Animals were decapitated on Day 5 after the injection of either ABas_3s
or peroxynitrite. The hippocampi were removed on ice-cold glass plate and
stored at —80 °C. The hippocampal tissues were homogenized in ice cold extrac-
tion buffer (20 mM Tris—HCl buffer (pH 7.6) containing 150 mM NaCl, 2 mM
EDTA-2Na, 50 mM sodium fluoride, 1 mM sodium vanadate, 19% NP-40, 1%
sodium deoxycholate, 0.1% sodium dodecyl sulphate (SDS), 1 mg/ml pepstatin,
1 mg/mi aprotinin, and 1 mg/m! leupeptin). Twenty microgram of equal amounts
protein was resolved by a 7.5% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE). The proteins were then transferred electrophoreti-
cally to a polyvinylidene difluoride membrane (Millipore Corporation, Billerica,
MA). Membranes were incubated in 3% skim milk in phosphate-buffered saline
containing 0.05% (v/v) Tween-20 for 2h at room temperature. Mouse anti-
nitrotyrosine antibody, clone 1A6 (Upstate cell signaling, Lake Placid), and goat
anti-actin antibodies (Santa Cruz Biotechnology Inc., Santa Crutz, CA) were
used to detect nitrated protein and B-actin, respectively. The intensity of each
protein band on the film, was analyzed with the Atto Densitograph 4.1 system
(Atto, Tokyo, Japan), and was corrected with the corresponding f3-actin level.
The results were expressed as the percentage of that of the control.
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2.7. Statistical analyses

The results are expressed as the mean=+ S.E. Statistical significance was
determined with one-way ANOVA followed by the Bonferroni multiple com-
parisons test. p < 0.05 was taken as a significant level of difference. -

3. Results
3.1. Effects of RA on ABas_3s-induced memory impairment

Based on the reports of pharmacological studies of RA on
central nervous system in mice [38,39] and the clinically apply-
ing doses of the herbs contained RA, we determined the dose
range as 0.05-4 mg/kg day for the selection of optimum dose by °
behavioral investigation. In the Y-maze test, spontancous alter-
nation behaviors in AB3s_3s group were significantly less than
that in vehicle group while the number of arm entry in each
group was the same (Fig. 3A and B). Daily treatment with RA
(0.25, 1, 2, and 4 mg/kg) after the injection of AB,s_ss increased
the alternation behavior compared to'AB2s_3s group (Fig. 3B).
In the NORT, all groups explored the: two different objects for
a similar amount of time during acquisition phase (Fig. 3C).
No differences among groups were observed with regards to
overall object exploration when different doses of RA were

~administered (Fig. 3C). During retention phase, the group of
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Fig. 3. Effects of rosmarinic acid on the impairment of memory induced by Afs_3s. Various doses of RA were administrated Lp. after i.c.v. injection of ABas_3s
(Day 0) for 9 consecutive days. Mice were subjected to the Y-maze test (A and B) on Day 6 and the NORT (C and D) on Days 6-8. The immediate working memory
in the Y-maze test and the long-term memory in the NORT of ARss_ss-injected mice are significantly impaired than those in vehicle i.c.v.-injected mice. Treatment
with RA at the doses of 0.25, 1, 2, and 4 mg/kg day significantly prevented the impairment of memory in ABas_3s-injected mice. RA treatment alone did not boost
the memory in naive mice. Data were presented as the mean + S.E. (n = 10). *p<0.05 vs. veh. "p <0.05 vs."Afos_3s. Veh: vehicle, RA: rosmarinic acid, ABs_ss:

amyloid beta (25-35).
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Fig. 4. The effects of rosmarinic acid on the nitration of proteins and the impairment of memory induced by ABas_3s and ONOO~. (A and B) i.c.v.-Injection of
ONOO™ nitrated hippocampal proteins and induced impairment of memory. (C and D) i.c.v.-Injection of APys_3s significantly increased the nitration of hippocampal
proteins. RA (0.25 mg/kg day) manifested prevention of ABys_3s-induced protein nitration is not different from that of UA (100 mg/kg day), a scavenger of ONOO~.
Co-injection of a safe dose (72mM) of ONOO- with ABas_35 blocked the protective effects of RA. RA (0.25 mg/kg day) prevented the protein nitration and
memory impairment induced by ONOO~ (144 mM). Data were presented as the mean=+ S.E. (n=10). *p<0.05 vs. veh; p<0.05 vs. AB2s_35; Sp<0.05 vs.
AB2s_35s +RA; &p_< 0.05 vs. AB2s 35 +RA +ONOO—; vp<0.05 vs. ONOO~. Veh: vehicle, RA: rosmarinic acid, AB;5_35: amyloid beta (25-35), UA: uric acid,

ONOO~: peroxynitrite.

A[325_35-injécted mice did not discriminate the novel and famil-
iar objects by showing a significantly decreased exploration to
the new object in a comparison with vehicle group. All doses
(except 0.05 mg/kg) of RA significantly enhanced the new object
discrimination ability of AB2s_3s-injected mice (Fig. 3D). How-
ever, no dose dependent response was observed. The effective
lowest dose (0.25 mg/kg) of RA did not boost memory function
in normal mice (Fig. 3B and C), restricting its memory protect-
ing effects to its anti-oxidant property. Therefore, the optimum
dose of the memory protective effects of RA for the rest of the
study was selected to be 0.25 mg/kg.

3.2. The effect of RA on the nitration of protéins

ONOO™-mediated nitrative damage, which could be indi-
rectly indicated by the nitration of proteins, seems to contribute
much of the neurotoxicity of AB [4-6,34,35]. In vitro studies
show that RA is a robust scavenger of ONOO™ and other free
radicals [8,32]. Thus, the protective effects of RA in our model
seem to be involved in the scavenging of ONOO™ induced by
AB25_35. To examine the direct involvement of ONOQ™ in the
impairment of memory in our model, we tried the i.c.v.-injection

of ONOO™ itself. ONOO™, at the concentration of 144 mM, but
notat 72 mM, nitrated hippocampal proteins and induced impair-
ment of memory (Fig. 4A and B). The i.c.v.-injection of ABys_s5
significantly increased the nitration of hippocampal proteins.
Daily treatment with RA and uric acid (UA), a scavenger of
peroxynitrite, prevented ABos_3s-induced protein nitration and
memory impairment (Fig. 4C and D). However, co-injection of a
non-memory-impairing dose.(72 mM) of ONOO™ with AB»s.35
blocked the preventive effects of RA in terms of protein nitration
and impairment of memory. The protein nitration and memory
impairment induced by ONOO™ (144 mM) was prevented by
the daily treatment with RA (Fig. 4C and D). '

4. Discussion

AD is an age-related neurodegenerative disorder with pro-
gressive cognitive dysfunction and characterized by presence
of senile plaques in the brain. AB is the major component
of senile plaques and is considered to have a causal role in
the development and progress of AD. Intracerebroventricu-
lar administration of AB;_ in rats causes memory deficits
[20,24,25]. Etiological studies have indicated that oxidative
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stress, an early event in the pathology of AD [26], is respon-
sible for the onset of the cognitive dysfunction as well as the
progression of the disease [5,14,34]. Elevated levels of AB, a
natural antioxidant in physiological concentrations [15], induce
oxidative stress which could mediate the damage seen in AD
[4]. High levels of AB is responsible for the increased appear-
ance of reactive oxygen species such as superoxide (O,~) and
NO in AD [4,19,48]. The rapid interaction between Oy~
NO produces ONOO™, a general source of oxidative damage
induced by AR in the brain of patients with AD [4,31]. ONOO~
exhibits strong rapid damage including peroxidation of lipids
and nitration of tyrosine residues of proteins, and thus affects
cell function in many different ways. The ONOO™ -mediated
damage, a-wide spread phenomenon in AD brain, leads the
onset of the disease [6,14,35]. Although the half-life of NO is
extremely short, ONOO™ is formed at a rate more than three
times faster than the scavenging of superoxide by superoxide
dismutase, suggesting criticality of the over-produced NO. AR
induces the overproduction of NO via iNOS; and inhibition or
ablation of the latter prevents the impairment of memory induced
by AB1_40 [23,41,42]. In the brains of both sporadic and famil-
ial AD patients, the number of inducible nitric oxide synthase
(iNOS) positive neurons is conspicuously higher than in that of
control patients [43]. 1t is obvious that the inhibition of iNOS
to reduce ONOO™ could be an ideal alternative to prevent the
neurotoxicity of AR in AD. However, the involvement of iNOS
in other pathological and physiological aspects of life makes
the idea less feasible [11,13]. Therefore, the scavenging of per-
oxynitrites directly by using natural safe ingredients from the
" medicinal herbs could be a rational alternative of preventive and
therapeutic interventions in the neurotoxicity of AB.

In this study, we have therefore investigated the effect of RA,
ascavenger of ONOO™, on the memory impairment induced by
AB>s-35. We also examined the possible mechanism to explain
the therapeutic property of RA through its ONOO™-scavenging
effects to prevent the nitration of proteins induced by ABss_ss.
ABa2s_3s, at the dose of 3 ug/3 pl, did not produce the impair-
ment of memory (in NORT) until Day 5 after its injection. The
impairment of memory induced by ABas_3s showed a gradual
aggravation till Day 12 when evaluated in cue and contextual
fear-conditioning test (unpublished data). The nitration of pro-
teins was found relatively stronger (might be due to the rate of
gradual formation and time-dependent clearance) on Day 5 than
that on other time points and positively associated with the level
of impairment of memory. When the nitration was prevented till
Day 5, no impairment of memory was observed in behavioral
tests on later time points (unpublished observation). Therefore,
we selected the indicated time courses in this study. To deter-
mine the dose of RA which is sufficient to prevent the memory
impairment induced by AB»s_3s in mice, several doses of RA
were administered i.p. At the doses of 0.25, 1, 2, and 4 mg/kg,
RA significantly prevented the AB,s_3s-induced impairment of
the alteration behavior as an immediate working memory in the
Y maze test and the impairment of the ability of novel object
discrimination as a long-term memory in the NORT. However,
no dose-dependent response was observed. The lack of a dose-
dependent effect of RA could be explained as follow: first,

there is the ceiling effect of RA in the present behavioral tasks.
Because it is hard to get 100% of alteration behavior and recog-
nition index, since the chance level is 50% in both behavioral
tasks. Second, RA is rapidly decreased in the blood circulation
after intravenous administration '(tl/g =9 min) [28]. A previous
pharmacokinetic study has defined a number of metabolites of
RA such as caffeic acid, ferulic acid and hydroxyphenylpropi-
onic acid [22]. Among these, caffeic acid has been reported to

 inhibit the production and the release of NO in activated astro-

cytes and macrophages in culture studies [36,49]; ferulic acid,
a further metabolite of caffeic acid, has been reported to protect
against oxidative stress and memory impairment induced by AR
[29,46]. These reports about the metabolism and metabolites of
RA may explain the'lack of dose response as well as the efficacy
of RA ata very low dose of 0.25 mg/kg. Thus, the optimum dose
of the protective effects of RA was selected to be 0.25 mg/kg for
the rest of the study. The memory impairments seen in AD are
contributed by AB-driven ONOO~-mediated damages [34,35].
The memory protective effect of RA could be due to the cap-
turing of the extremely noxious ONOO™ induced of AB2s_3s.
To examine this, the involvement of ONOO™ in the impairment
of memory was confirmed by i.c.v.-injection of itself or daily
treatment with UA, a scavenger of ONOO™, after the injection
of ABas_3s. ONOO™ induced nitration of proteins and impaired
the memory. UA prevented AB3s_3s-induced nitration of pro-
teins in the hippocampus and impairment of memory, indicating
that the proxynitrites are the major contributors to the toxicity of
Aas_3s. UA treatment in vehicle-treated group did not affect the
memory (data not shown). RA prevented the ONOO™~-induced
nitration of proteins and impairment of memory. Daily treat-
ment with RA significantly prevented the nitration of proteins
as well as memory impairment induced by AB»s_3s. However,
RA protection of AB2s_35 toxicity was -abolished after the co-
injection of non-memory impairing dose of proxynitrites to
increase the proxynitrite burden. It was implied that the mer-
ory protecting effects of RA are due to its activity of scavenging
proxynitrites. Indeed, proxynitrites-induced nitration of proteins
and impairment of memory were prevented by daily treatment
with RA. As for the increase of nitration of proteins by the co-
injection, it might be that the pro-oxidative property of ABos_3s
may increase in the presence of proxynitrites, or the co-injected
proxynitrites make the cells more vulnerable to the toxicity of
ABas_as. The results together indicated that the RA protects
memory through the scavenging of ONOO~ which induced
by AB2s_3s.

Although investigations about the activity of RA on central
nervous system (CNS) are few, two lines of studies have shown
the antidepressive-like activity of RA in mice exposed to condi-
tioned fear stress and the forced SWimmilig test [38,39]. Other
unknown properties of RA and its metabolites in CNS may also
contribute to its protective effects on the memory impairment
induced by AB. Nevertheless, our study provided clear evi-
dence that RA protects against the impairment of memory in the
neurotoxicity of AB by preventing ONOO™-mediated damage.

I summary, the results of this study and all other reported
properties of RA strongly suggest its usefulness in the treatment
of memory impairment observed in AD.
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Abstract

In the present study, we investigated the involvement of prefrontal glutamatergic neurotransmission in the enhancement of immobility (emotional
deficit) in a forced swimming test in mice treated with phencyclidine (PCP: 10 mg/kg/day for 14 days) repeatedly, which is regarded as an animal
model for negative symptoms. A decrease in spontaneous extracellular glutamate release and increase in levels of the glutamate transporter
GLAST, were observed in the prefrontal cortex (PFC) of PCP-treated mice, compared to saline-treated mice. NMDA receptor subunit 1 (NR1)
and Ca?*/calmoduline kinase II (CaMKII) were markedly activated in the PFC of saline-treated mice, but not PCP-treated mice, immediately after
the forced swimming test. The facilitation of the function of NMDA receptors by D-cycloserine (30 mg/kg i.p.), an NMDA receptor glycine-site
partial agonist, reversed the enhancement of immobility in the forced swimming test and impairment of CaMKII activation in the PCP-treated
mice. Microinjection of DL-threo-B-benzyloxyaspartate (10 nmol/site/bilaterally), a potent blocker of glutamate transporters, into the PFC of PCP-
treated mice also had an attenuating effect. In addition, activation of glial cells and a decrease of neuronal cell size were observed in the PFC of
PCP-treated mice. These results suggest that repeated PCP treatment disrupts pre- and post-synaptic glutamatergic neurotransmission and induces
morphological changes in the PFC and that such changes cause the emotional deficits exhibited in PCP-treated mice.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Phencyclidine; Emotional deficit; N-Methyl-p-aspartate; Prefrontal cortex; Glutamate; CaMKII

1. Introduction N-methyl-D-aspartate (NMDA) receptor antagonist, has been

shown to induce schizophrenia-like psychosis representing pos-

Alternations of glutamatergic systems involving NMDA
receptors are relevant to the pathophysiology of schizophre-
nia as demonstrated by pharmacological evidence that NMDA

receptor antagonists reproduce some symptoms of the disease .

in normal individuals: phencyclidine (PCP), a non-competitive
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itive symptoms, negative symptoms, and cognitive deficits in
humans [17], which persist several weeks after withdrawal from
chronic PCP use [1,25,42]. p-Cycloserine, a partial NMDA
receptor glycine-site agonist, provides a modest improvement of
even the cognitive deficits and negative symptoms in schizophre-
nia[8,17]. Chronic PCP psychosis might be more consistent with
schizophrenia than acute PCP psychosis [17,21].

We have previously reported that chronic treatment with PCP
(10 mg/kg/day s.c. for 14 days) induces several schizophrenia-
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like behavioral abnormalities such as an enhancement of
immobility in a forced swimming test [36-38], social deficits
[41] in a social interaction test, associative learning impairment
in cued and contextual fear conditioning [11] in mice. There-
fore, PCP-treated mice might be a useful model of schizophrenia
[11,19,22.28,36-38,41].

1t is hypothesized that insufficient glutamate neurotransmis-
sion in the PFC is associated with the pathology of schizophrenia
[3.4,13]. Abnormal glutamatergic systems in the PEC have
been found in PCP-treated mice, i.e. altered expression of the
NMDA receptor subunit or an associated protein and decreased
metabolic activity [7]. NMDA receptors are composed of at
least one NR1 subunit and one or more modulatory subunits
and regulate various forms of neuronal plasticity. NR1 knock-
down and NR2A knockout mice have been reported to show
schizophrenia-like behavioral abnormalities such as hyperac-
tivity and social withdrawal [15,31,32]. However, little attempt
has been made to investigate the involvement of prefrontal glu-
tamatergic neurotransmission via NMDA receptors in negative
symptom-like emotional deficits in PCP-treated mice.

Inthis article, we describe the results of experiments designed
to test the hypothesis that the negative symptom-like emotional
deficit in a forced swimming test is mediated via impaired pre-
and post-synaptic glutamatergic neurotransmission in the PFC
of mice treated with PCP repeatedly. We attempted to inves-
tigate the changes in (1) NMDA-Ca2+/calmodulin-dependent
protein (CaMKII) signaling after the forced swimming test,
since the NMDA receptor and CaMKII form a tight complex
at synapses which may facilitate the activation of second mes-
senger pathways [10,26], (2) extracellular glutamate levels, (3)
the expression levels of glutamate transporters, and (4) mor-
phology of neurons and glia in the PFC. We also examined
the effect of (5) facilitation of the function of NMDA receptors
by D-cycloserine, an NMDA receptor glycine-site agonist, and
DL-threo-B3-benzyloxyaspartate (DL-TBOA), a non-substrate
glutamate transport inhibitor, on behavioral and biochemical
abnormalities in PCP-treated mice.

2. Materials and methods
2.1. Animals

Male mice of the ddY strain (Japan SLC Inc., Shizuoka, Japan), weigh-
ing 30-33 g at the beginning of the experiments, were used. The animals were
housed in plastic cages and kept in aregulated environment (23 + 1 °C, 50 + 5%
humidity), with a 12/12 h light-dark cycle (lights on at 8:00 a.m.). Food (CE2;
Clea Japan Inc., Japan) and tap water were available ad libitum. All animal
care and use was in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and was approved by the Insti-
tutional Animal Care and Use Committee of Nagoya University School of
Medicine.

2.2. Drugs

Phencyclidine hydrochloride (PCP) was synthesized by the authors accord-
ing to the method of Maddox et al. [27] and was checked for purity.
p-Cycloserine (Sigma, MO) and PCP were dissolved in a 0.9% NaCl solution.
DL-TBOA (Tocris, MO) was prepared as a stock solution of 100 mM in 50%
dimethyl sulfoxide (DMSO) and 100 mM NaOH, and dissolved in phosphate-
buffered saline (PBS) before the experiments. KN93 and KN92 were purchased

from Sigma-Aldrich and dissolved in a 0.01% DMSO (dimethyl sulfoxide)—
containing saline solution.

2.3. Drug treatment

The mice were administered saline or PCP (10 mg/kg/day s.c.) once a day
for 14 consecutive days. They were injected with D-cycloserine (s.c.) or DL-
TBOA 30 min and KN93 or KN92 10 min before the measurement of immobility
in the forced swimming test. DL-TBOA (1 or 10nmol/site/bilaterally), KN93
(10 nmol/site/bilaterally), and KN92 (10 nmol/site/bilaterally) were microin-
jected into the PFC [anteroposterior (AP): 1.7, mediolateral (ML): 4:0.5 from
bregma, dorsoventral (DV): 2 mm from the skull} according to the mouse brain
atlas of Franklin and Paxinos [14). Dual 27-gauge microinjectors attached to
tubing were inserted through the guides, from which they protruded 2.5 mm,
The other end of the tubing was connected to a 25 pl Hamilton syringe. The
volumes were injected over a period of about 30s, and the injector was left in
place for 1 min to allow diffusion. All compounds except for pL.-TBOA, KN93
and KN92 were administered in a volume of 0.1 ml/10 g body weight.

2.4. Forced swimming test

The forced swimming test was done according to previous reports [36-38]
with a minor modification. The test was performed the day after the final treat-
ment with PCP. Namely, éach mouse was placed in a transparent glass cylinder
(20 cm high, 15 cm in diameter), which contained water at 22-23°C to a depth
of 15cm, and was forced to swim for 180s. The duration of swimming was
measured, by using a SCANET MV-10 AQ apparatus (Melquest Co. Ltd.,
Japan). The immobility time was calculated as follows: 180 (s) — swimming
time (s) = immobility time (s).

2.5. Microdialysis analysis

On day 14 after the start of PCP treatment, the mice were anesthetized with
pentobarbital Na(50 mg/kg i.p.) and fixed in a stereotaxic apparatus (David Kopf
Instruments, CA). A guide cannula (AG-6 EICOM, Japan) was implanted into
the PFC[15° angle away from AP: +1.7, ML: — 1.0 from bregma, DV: —1.5 mm
from the skull] according to the atlas. On day 15 (24h after the implantation
of the guide cannula: 1 day after PCP withdrawal), a dialysis probe (A-1-6-01;
membrane length 1 mm, EICOM, Japan) was implanted into the PFC and Ringer
solution (147 mM, NaCl, 4 mM KCl, and 2.3 mM CaCly) was perfused at a flow
rate of 1.0 wl/min. The dialysate was colleted every 10 min and the amount of
glutamate in the dialysate was determined using an HPLC system (HTEC-500,
EICOM, Japan) with electrochemical detection (ECD). Three samples were
taken to establish baseline levels of extracellular glutarnate. For depolarization
stimulation, 100 mM KCl-containing Ringer solution was-delivered through the
dialysis probe for 30 min in order to induce the K*-evoked release of glutamate.
Then dialysate was collected for 70 min with Ringer solution. For the rescue
study with pL.-TBOA, a dialysis probe equipped with a microinjection tube
(MIA-6-1; 1 mm membrane length, EICOM) was used. After the collection of
baseline fractions, 10nmol of bL-TBOA dissolved in 1 p! of PBS was injected
bilaterally during a 10-min period through the microinjection tube into the PFC.

2.6. Western blotting

Western blotting was performed as described [11] with a minor modifica-
tion. Immediately after the forced swimming test, the mice were sacrificed by
decapitation. The PFC containing cingulate and prelimbic area (Bregma +2.96
to Bregma +1.34) defined as in Franklin and Paxinos was rapidly dissected out,
frozen, and stored at —80 °C until used. The brain samples were homogenized in
ice-cold buffer [SO mM Tris-HC), pH 7.5; 150 mM NaCl; 10 mM NaF; 10 mM
EDTA, 1% NP-40; 1 mM sodium orthovanadate; 10 mM sodium pyrophosphate;
0.5 mMDTT; 0.2 mM PMSEF, 4 p.g/ml pepstatin, 4 p.g/ml aprotinin, and 4 pg/ml
leupeptin for measuring phospho-NR 1, NR 1, phospho-Ca2*/calmoduline kinase
11 (CaMK II), CaMKII, GLT-1, GLAST and actin). The lysate was centrifuged
at 8000 x g for 10min at 4 °C. The protein concentration of the supernatant
was determined by a Bradford assay (Bio-rad, CA). Sample buffer [0.25% bro-
mophenol blue/0.25% xylene cyanol 30% glycerol/20% 2x Tris-borate EDTA
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(90mM Tris/64.6 mM boric acid/2.5 mM EDTA, pH 8.4)] was added to the
supernatant and the mixture was boiled at 95 °C for 5 min. Equivalent amounts
of protein (20 ug) were electrophorated on SDS-polyacrylamide gels, trans-
ferred to PVDF membranes (Millipore, MA), and blocked with a Detector Block
Kit (KPL, MD). The membranes were incubated with a rabbit anti-phospho-
NR1 (8897), a rabbit anti-phospho CaMKII (1:1000; Upstate Biotechnology),
a guinea-pig anti-GLAST (1:1000; Chemicon, CA), a guinea-pig anti-GLT-1
(1:1000; Oncogene, MA) or an anti-actin (C-11) (1:1000; Santa Cruz Biotech-
nology, CA) antibody at 4 °C overnight. For the analysis of phospho-CaMKII,
CaMKII, GLAST and GLT-1 levels, each protein was boiled in a sample buffer
and a 10% polyacrylamide gel and subsequently transferred to a polyvinylidine
difluoride membrane (Millipore) and blocked with a Detector Block kit (KPL).
The membranes were then washed with washing buffer (50 mM Tris-HCl, pH
7.4, and 150 mM NaCl and 0.05% Tween 20). After incubation with a 1:1000
dilution of horseradish peroxidase (HRP)-conjugated IgG for 2 h, the membranes
were washed with washing buffer. The immune complex was detected using an
enhanced chemiluminscence (ECL) kit (Amersham Pharmacia Biotech Inc., NJ)
and exposed to X-ray film. Images on the film were captured using a CCD camera
(ATTO, Japan). The intensity of each band was analyzed quantitatively using the
ATTO Densitograph Software Library Lane Analyzer (ATTO). To measure total
(phospho- and non-phospho-) NR1 or CaMKII, membranes were stripped with
stripping buffer (100 mM 2-melcaptoethanol; 2% SDS; and 62.5 mM Tris-HCl,
pH 6.7) at 50°C for 30 min, and incubated with a mouse anti-NR1 CT (1:1000;
Upstate Biotechnology, NY) or a rabbit anti-CaMKII (1:1000; Sigma) antibody
at 4°C overnight. To evaluate NR-1 or CaMKII activation, phospho-NR-1 or
CaMKII levels were normalized to total NR-1 or CaMKII levels in the same
membranes, and then each phospho-/total-level was normalized to the basal
phospho-/total-level in saline-treated mice. To evaiuate the expression of GLAST
and GLT-1, the GLAST and GLT-1 levels were normalized to the actin levels
in the same membranes, and then GLAST/actin and GLT-1/actin levels were
normalized to the GLAST/actin and GLT-1/actin levels in saline-treated mice.

2.7. Preparation of brain slice and staining

Histological procedures were performed as previously described with a
minor modification [11,34]. Before and immediately after the forced swimming
test, mice were anesthetized with chloral hydrate (200 mg/kg i.p.) and perfused
transcardially with ice-cold phosphate-buffered saline (PBS), followed by 4%
paraformaldehyde in PBS. The brains were removed, postfixed in the same fix-
ative for 2 h, and then soaked in 20% (w/v) sucrose in PBS. Coronal sections
20 pm thick were cut with a cryostat (CM 1850; Leica, Germany). For immuno-
histochemistry, the primary antibodies that were applied in the brain slices
included anti-GLAST (1:300), a guinea-pig anti-GLT-1 (1:300; Chemicon),
a rabbit anti-s100 (1:300; Dako, CA) and mouse anti-GFAP (1:300; Chemi-
con) antibody. Fluorescently conjugated secondary antibodies (Alexa 488, 546;
Molecular Probes, OR) were used for detecting chromagen. Twenty sections
at 80 um intervals from Bregma +2.96 to Bregma +1.34 were used from each
brain, and prelimbic area was defined as in Franklin and Paxinos. For counting
the number and calculate the size of neuron, Cresyl Violet staining was per-
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formed and only neurons with a visible nucleus and in which the entire outline
of the cell was apparent were counted in standardized area in the prelimbic area
using computer-based image analysis system (Image J, Bethesda, MD). Using
these measurements, the surface area (um?) of s100-stained process and size of
neuron, was calculated in standardized area in the layer IVIII of the prelimbic
area. Images were acquired with a confocal microscope (j Radiance, Bio-Rad)
provided by Division for Medical Research Engineering of Nagoya University
or a light microscope (Axioskop2 plus; Carl Zeiss, Germany).

2.8. Statistical analysis

Statistical analysis was performed with a one-way analysis of variance
(ANOVA) using Bonferroni's test. The unpaired :-test (Student’s t-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.

3. Results
3.1. Ability to release glutamate in the prefrontal cortex

We examined the extracellular glutamate levels in the PFC
of the PCP-treated mice by using an in vivo microdialysis
technique. After the basal extracellular levels of glutamate
reached a steady state, basal release of glutamate was mon-
itored during 30 min of dialysis. PCP-treated mice showed a
dramatically decreased basal level of glutamate inthe PFC [PCP-
treated mice: 0.905 + 0.158 pmol/sample (n = 6), saline-treated
mice: 4.26 & 54.9 pmol/sample (n = 5)] (Fig. 1). We investigated
the ability to release glutamate of high potassium (high K*)
(100 mM) in the PFC of the PCP-treated mice. The amount
of glutamate released in the PFC of the PCP-treated mice
was significantly less than that released the saline-treated mice
(p <0.01) [PCP-treated mice: 3.02 £ 0.28 pmol/sample (n =6),
saline-treated mice: 8.42 £ 0.90 pmol/sample (n=35)] (Fig. 1),
though the high K*-induced extracellular glutamate release (%
of baseline) in PCP-treated mice was about three-fold higher
than that in saline-treated mice.

3.2. The changes of glutamate transporters, glial cells and
neuronal morphology in the prefrontal cortex

Glial glutamate transporters, i.e. GLAST and GLT-1, play an
important role in regulating glutamate transmission by rapidly
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Fig. 1. Basal extracellular levels of glutamate and K*-evoked glutamate release in the prefrontal cortex of mice treated with phencyclidine repeatedly. The mice
were administered saline or phencyclidine (PCP: 10 mg/kg/day s.c.) for 14 days (n =35 for saline-treated mice, n=6 for PCP-treated mice). Basal extracellular
levels of glutamate and K*-evoked (100 mM) glutamate release in the prefrontal cortex (PFC) of saline- or PCP-treated mice were determined by a microdialysis
method. Fractions were collected for 30 min. Basal extracellular glutamate levels were: PCP-treated mice, 0.91 & 0.16 pmol/sample (n=6); saline-treated mice,
4.26 % 54.9 pmol/sample (n=S5). Values correspond to the mean+ S.E.M. *p <0.05 vs. saline-treated mice (Student's ¢-test). Glu: glutamate.
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Fig. 2. The changes in expression of glutamate transporters and gross morphology in the prefrontal cortex of mice treated with phencyclidine repeatedly. The mice
were administered saline or phencyclidine (PCP: 10 mg/kg/day s.c.) for 14 days. (a) Representative western blots and immunoreactivity to GLAST and GLT-1 in
the prefrontal cortex (PFC) (GLAST: » =8 in each group, GLT-1; n= 6 in each group). (b) Representative image of s100 (green) and GLAST (red) immunostained
sections from the PFC of saline- and PCP-treated mice. Arrows indicates GLAST fluorescent puncta on the process of glia. Scale bar: 50 wm. (c) Stereological
analysis of 100 immunoreactivity in the PFC of saline- and PCP-treated mice (n=4 in each group). (d) Cresyl violet-stained coronal sections of the PFC and
stereological analysis of cell number and cell size in the PFC of saline- and PCP-treated mice (# =5 in each group). Scale bar: 200 wm. Values correspond to the
mean+ S.EM. "p<0.05, **p <0.01 vs. saline-treated mice (Student’s 1-test). Glu: glutamate.

clearing glutamate from extracellular fluid [9]. In order to exam-
ine whether the decrease in the extracellular concentration of
glutamate is due to changes of glutamate transporters, we inves-
tigated the protein levels of glial glutamate transporters in the
PFC of PCP-treated mice by immunoblotting. Although there
was no difference in the GLT-1 protein level between PCP-
treated mice and saline-treated mice, the expression level of
GLAST protein was higher in the PCP-treated mice (p<0.01;
Fig. 2a).

Since immunoblot analysis showed an increase of GLAST
levels, the localization of GLAST in the PFC of PCP-treated
mice was analyzed by immunohistochemical methods. GLAST
was localized to the processes of cells positive for s100, a glial
marker, and merged with s100, both in saline-treated and in
PCP-treated mice (Fig. 2b). The morphology of s100-positive
cells was altered to the activated form with thick processes in
the PCP-treated mice (Fig. 2b and c).

Glia is activated in response to several pathological condi-
tions, such as physical or biochemical damage to the nervous
tissue. To investigate whether repeated PCP treatment induces
neuronal damage in the PFC, we examined morphological
changes in neurons by Cresyl Violet staining. No difference in

the number of neurons in the layer IVIII of the PFC was observed
regardless of PCP treatment (Fig. 2d). However, a decrease in
neuronal cell size was revealed in the layer II/IIl of the PFC of
PCP-treated mice compared to saline-treated mice (Fig. 2d).

3.3. Intracellular signaling via NMDA receptors in the
prefrontal cortex :

We investigated the change in the activation of CaMKII
signaling via NMDA receptors in the PFC after the forced swim-
ming test. The phosphorylation levels of NR1, one of the subunit
of NMDA receptors, and of CaMKII, in the PFC of the saline-
treated mice were significantly increased immediately after the
test, compared to those in the non-tested, saline-treated mice
(p<0.01; Fig. 3a and b). However, the phosphorylation levels
of NR1 (p-NR1) and CaMKII (p-CaMKII) did not increase after
the test in the PCP-treated mice (Fig. 3a and b). There was no
significant difference in p-NR1 and p-CaMKII between non-
tested, saline- and PCP-groups. No difference in total NR1 and
CaMKIl expression levels was observed between the saline- and
PCP-treated mice [NR1: F(3, 15) = 1.54, p=0.26; CaMKII: F(3,
31)=0.68, p=0.56) (data not shown).



