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sequentially to the onset frame (immediately prior to
which there were no facial movements). And from the
onset, we moved the video forward sequentially to the
offset (immediately following which there were no facial
movements).

1.4. Coding

Two coders independently identified spontaneous smiles and
laughs using the Digital Video Camera Recorder (SONY DCR-
PC110). Only spontaneous smiles and laughs identified by
both coders were inctuded in the subsequent analysis. The
percentage of intercoder agreement was 91.67%. Correla-
tion of the event durations recorded by the two coders was
r=0.92 (p<0.01).

2. Results
2.1. Spontaneous smiles in Group A

Twenty-four spontaneous smiles were observed (the fre-
quency range per newborn was 1 to 6). The durations of
spontaneous smiles were determined by averaging the
durations recorded by the two coders. The mean duration
was 1.97 s (5.D.=0.68). An analysis of duration found no
gender difference (female: 1.94 s, male: 1.99 s), no Apgar
score effect (Apgar 9: 2.00 s, Apgar 8: 1.93 s), no
gestational age effect (37—38 weeks: 2.00 s, 39—40 weeks:
1.93 s), and no age effect (2 to 4 days old: 1.95 s, 5 to 8 days
old: 1.98 s).

Unilateral spontaneous smiles were more frequently
observed than bilateral spontaneous smiles (unilateral:
20, bilateral: 4), y%(1)=10.6, p<0.01. An example of a
unilateral smile from an infant in Group B is shown in Fig.
1. When lying on one side, unilateral spontaneous smiles
were more frequently observed on the side of the face
away from the surface of the bed (top side: 18, bottom
side: 2), x%(1)=12.8, p<0.01, as in Fig. 1, where the infant
is lying on his right side and smiling on his left side.
Unilateral spontaneous smiles were more frequently ob-
served on the left side of the face than the right side (left:
13, right: 7), although this difference was not statistically
significant.

2.2. Spontaneous smiles in Group B

The mean duration of observations was 174.15 min
(5.D.=130.06) per infant. There were 82 spontaneous smites
observed, 21 in newborns less than 1 month old, 41 in infants
1 month old, and 20 in those 2 months old.

Of the 24 spontaneous smiles observed in mothers’ arms,
5 were on the right side of the face, 4 were on the left side,
and 15 were bilateral.

Of the 58 spontaneous smiles observed in infants lying
on beds, the laterality of 5 could not be determined. Fig.
2, depicting a 42-day-old infant, shows how a smile can
change from unilateral to bilateral. The laterality of this
smile could not be determined. Among 53 spontaneous
smiles, bilateral smiles were more frequent than unilat-
eral smiles (bilateral: 36, unilateral: 17), %*(1)=6.8,
p<0.01. Unilateral spontaneous smiles were more fre-
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Figure 2
bilateral.

Spontaneous smile changes from unilateral to

quent on the side away from the bed surface (side away
from bed: 16, side near bed: 1), y*(1)=13.2, p<0.01.
There was no statistically significant difference in fre-
quency of unilateral smiles on different sides of the face
(left: 10, right: 7).

3. Spontaneous smiles in Groups A and B

Combining the data from Groups A and B, Fig. 3A shows the
percentage of bilateral smiles in different aged infants
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Figure 3 (A) Percentages of bilateral spontaneous smile by 10 days. (B) Percentages of bilateral spontaneous smile by month.
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Figure 4 Spontaneous laugh. Abscissa indicates millisecond, and ordinate amplitude.
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(grouped in 10-day periods). Fig. 3-2 shows the same data
grouped by month. These figures show that the proportion
of bilateral smiles increases gradually and consistently with
age.
Unilateral spontaneous smiles occurred more frequently
on the side of the face away from the bed surface (side
away from bed: 34, side near bed: 3), ¥2(1)=26.0,
p<0.01.

The frequency of unilateral smiles did not significantly
differ on the right and left sides of the face when the
infant was being held by the mother (right: 5, left: 4).
However, there were significant differences when the
infant was lying on a bed (right: 14, left: 23), *(1)=6.0,
p<0.05.

3.1. Spontaneous faugh in Group B

As noted in the METHOD section, spontaneous laughs are
different from spontaneous smiles only because they
involve vocal laughing sounds. Nine spontaneous laughs
were observed. Three out of the four infants who were
observed from 0 months of age showed spontaneous
laughter—one 17-day-old female, one 24-day-old male,
and another 26-day-old male. Fig. 4 shows facial changes
and sound waves of the 26-day-old while spontaneously
laughing. One female showed 4 spontaneous laughs when 1
to 2 months of age. The mean duration of facial changes
during spontaneous laughter was 3.08 s. The mean duration
of spontaneous laughs was longer than that of spontaneous
smiles (2.17 s), F(1,113)=7.75, p<0.01. All spontaneous
laughs were bilateral.

4. Discussion

Holowka and Petitto [12], using infants from 5 to 12
months, showed that babies open the right side of their
mouth while babbling, and open the left side while
smiling. They claimed that left hemisphere cerebral
specialization while babbling suggests language functions
in humans are lateralized from a very early point in
development. And they thought that babies’ emotional
expression may be controlled by the right hemisphere even
at the early age of 5 months. Our results on spontaneous
smiling in Group A support the early stage of their
hypothesis, but as we saw in the data of Group B, the
dominance of unilateral spontaneous smiling disappears
later. We speculate that this may be one of the U-shaped
phenomena in developmental psychology described by
Siegler [13].

We found dominance of unilateral spontaneous smiles
on the side of the face away from the surface of the
bed and on the left side of the face. Can we relate
unilateral smiles to the asymmetrical tonic neck reflex
(ATNR: [14]) in newborn infants? ATNR is observed during
the first 2 or 3 months of life, and it is usually gone by
6 or 7 months [14]. When the participants showed the
bilateral spontaneous smiles, they were more likely to be
laying on their right side than their left (right: 25, left:
7), x*(1)=10.2, p<0.01. When showing unilateral spon-
taneous smiles, they were more likely to be laying on
their right side than their left side (right: 26, left 11),

7%(1)=6.0, p<0.05. The dominance of unilateral sponta-
neous smiles on left side of the face may be related to
the ATNR.

Fig. 3A shows there is a large increase in smiles after 10
days and, possibly, another increase after 51 days. This hints
at the possibility that a more conscious, less steep-linked
smile is developing or ‘coming on-line’.

The rise of bilateral smiling suggests the development of
a more mature behavioral pattern and perhaps the devel-
opment of more mature cerebral control over these
behaviors. The longer duration of laughter and increased
number of bilateral smiles over a period of days suggest that
these are more stable behavioral structures than unilateral
smiles.

Sroufe and Waters [15] thought “laughter” appears at
about 4 months. How can we explain this discrepancy?
Might this be further evidence of the U-shaped phenom-
enon? The durations of spontaneous laughs were longer
than those of spontaneous smiles, but the frequency of
laughs was much lower. “Spontaneous smile” and
“Spontaneous laugh” might be different behaviors from
the beginning.

To record spontaneous smiles and laughs in more detail, it
will be necessary to observe them by more intensive
longitudinal research designs.
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An Analog of a Dipeptide-Like Structure of FK506 Increases
Glial Cell Line-Derived Neurotrophic Factor Expression through
cAMP Response Element-Binding Protein Activated by Heat
Shock Protein 90/Akt Signaling Pathway

Xiaobo Cen,'?" Atsumi Nitta,'” Shin Ohya,' Yinglan Zhao,' Naoya Ozawa,' Akihiro Mouri,' Daisuke Ibi,” Li Wang,?
Makiko Suzuki,’ Kuniaki Saito,> Yasutomo Ito,* Tetsuya Kawagoe,® Yukihiro Noda,'6 Yoshihisa Ito,!” Shoei Furukawa,’
and Toshitaka Nabeshima!

'Department of Neuropsychopharmacology and Hospital Pharmacy, Nagoya University Graduate School of Medicine, Nagoya 466-8560, Japan, 2National
Chengdu Center for Safety Evaluation of Traditional Chinese Medicine, West China Hospital, Sichuan University, Chengdu 610041, China, *Department of
Laboratory Medicine, Gifu University School of Medicine, Gifu 500-8705, Japan, “Equipment Center for Research and Education, Nagoya University
Graduate School of Medicine, Nagoya 466-8560, Japan, *Department of Research and Development, Initium, Tokyo, 107-0062, Japan, Division of Clinical
Science in Clinical Pharmacy Practice, Management and Research, Faculty of Pharmacy, Meijo University, Nagoya 468-8503, Japan, ?Department of
Pharmacology, College of Pharmacy, Nihon University, Funabashi-shi, Chiba 274-8555, Japan, and Laboratory of Molecular Biology, Gifu Pharmaceutical
University, Gifu 502-8585, Japan

Glial cell line-derived neurotrophic factor (GDNF) is an important neurotrophic factor that has therapeutic implications for neurodegenerative
disorders. We previously showed that leucine-isoleucine (Leu-le), an analog of a dipeptide-like structure of FK506 (tacrolimus), induces GDNF
expression both in vivo and in vitro. In this investigation, we sought to clarify the cellular mechanisms underlying the GDNF-inducing effect of
this dipeptide. Leu-Ile transport was investigated using fluorescein isothiocyanate-Leu-Ile in cultured neurons, and the results showed the
transmembrane mobility of this dipeptide. By liquid chromatography-mass spectrometry and quartz crystal microbalance assay, we identified
heat shock cognate protein 70 as a protein binding specifically to Leu-Ile, and molecular modeling showed that the ATPase domain is the
predicted binding site. Leu-Ile stimulated Akt phosphorylation, which was attenuated significantly by heat shock protein 90 (Hsp90) inhibitor
geldanamycin (GA). Moreover, enhanced interaction between phosphorylated Akt and Hsp90 was detected by immunoprecipitation, Leu-Ile
elicited an increase in cAMP response element binding protein (CREB) phosphorylation, which was inhibited by GA, indicating that CREB is a
downstream target of Hsp90/Akt signaling. Leu-Ile elevated the levels of GDNF mRNA and protein expression, whereas inhibition of CREB
blocked such effects. Leu-Ile promoted the binding activity of phosphorylated CREB with cAMP response element. These findings show that
CREB plays a key role in transcriptional regulation of GDNF expression induced by Leu-Ile. In conclusion, Leu-Ile activates Hsp90/Akt/CREB
signaling, which contributes to the upregulation of GDNF expression. It may represent a novel lead compound for the treatment of dopaminergic
neurons or motoneuron diseases.

Key words: GDNF,; dipeptide; FK506; Hsp90; Hsc70; CREB

tion, and survival of neurons, and has therapeutic implications
for neurodegenerative disorders (Airaksinen and Saarma, 2002).

Introduction
Glial cell line-derived neurotrophic factor (GDNF) is an impor-

tant neurotrophic factor that regulates the development, migra-
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We have demonstrated that leucine-isoleucine (Leu-Ile), an an-
alog of a dipeptide-like structure of FK506, shows nonimmuno-
suppressive activity and promotes neuronal survival through in-
duction of GDNF in both in vivo and in vitro studies (Nitta et al.,
2004), but the mechanism is unclear.

Studies have indicated the complex regulatory mechanisms of
GDNF expression. It can be induced by diverse extracellular
stimuli (Verity et al., 1999; Castro et al., 2005), and multiple
transcription factor binding sites have been identified in the pro-
moter sequence of the GDNF gene (Woodbury et al., 1998), such
as cAMP response element (CRE) binding protein (CREB) (Mat-
sushita et al., 1997; Baecker et al., 1999). Previous studies showed
that CREB activation is associated with GDNF expression (Young
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et al., 1999; Lenhard et al., 2002), implying that CREB may par-
ticipate in regulating GDNF expression as a transcriptional fac-
tor. Phosphorylation of CREB at serine-133 (Ser **) within the
kinase-inducible domain is critical for its function as a stimulus-
dependent transcriptional activator, and multiple kinases have
been implicated as activators of CREB in neurons, including pro-
tein kinase C (PKC) (Roberson et al.,1999), calmodulin kinase II
(CaMKII) (Lee et al., 2004), extracellular signal-regulated kinase
1/2 (ERK1/2) (Schinelli et al., 2001), and serine/threonine kinase
Akt (Brunet et al., 2001). Different extracellular stimuli may ac-
tivate distinct signalings, which contribute to CREB phosphory-
lation and cellular responses. In particular, CREB is considered to
be a regulatory target for Akt, and Akt can promote cell survival
by stimulating the expression of cellular genes via the CREB-
dependent pathway (Du and Montminy, 1998; Pugazhenthi et
al., 2000).

Although phosphoinositide 3-kinase (PI3-k) is an important
activator for Akt, increasing evidence has indicated that Akt can
be regulated in PI3-k independent manners in neurons, such as
ERK1/2 and CaMK cascades {Yano et al., 1998; Brami-Cherrier et
al., 2002). Moreover, Akt is a well characterized heat shock pro-
tein 90 (Hsp90)-dependent kinase (Basso et al., 2002; Xu et al,
2003), and chaperones Hsp90 and heat shock cognate protein 70
(Hsc70) have been demonstrated to play a role in Akt regulation
through distinct mechanisms. For instance, Hsp90—-Akt interac-
tion increases Akt activity by protecting it from dephosphoryla-
tion by protein phosphatase 2A (PP2A) (Sato et al,, 2000; Yun
and Matts, 2005); the binding of client molecule to Hsc70 main-
tains Akt phosphorylation and downstream cascade activation by
inhibiting its proteasomal degradation based on Hsc70/Hsp90
machinery (Doong et al., 2003). Therefore, modulation of Hsp90
resulting from a variety of physiological or pharmacological fac-
tors may alter Akt signaling, contributing to the regulation of
cellular function and response (Pratt and Toft, 2003). It is known
that Hsp90 ATPase activity is highly regulated by the binding of
cochaperone or client proteins, such as FK506 binding protein
(FKBP) and Hsc70 (McLaughlin et al., 2002).

We defined a signaling cascade in which Leu-Ile promotes
CREB phosphorylation via Hsp90/Akt signaling, which plays an
important role in the transcriptional regulation of the GDNF
gene. Moreover, Hsc70 is likely to cooperate with Hsp90 as a
cochaperone to modulate Akt activity.

Materials and Methods

Materials. Leu-lle, proline-leucine (Pro-Leu), and isoleucine-proline
(Ile-Pro) were synthesized by Kokusan Chemical (Tokyo, Japan). Leu-Ile
Jabeled with fluorescein isothiocyanate (FITC) was prepared by Thermo
Electron Corporation (Ulm, Germany). Geldanamycin (GA) and 2-(4-
morpholinyl)-8-phenyl-1{4H)-benzopyran-4-one  (LY294002) were
purchased from Sigma (St. Louis, MO). FK506 was gifted from Fujisawa
Pharmaceutical (Osaka, Japan). Anti-Hsp70, anti-Hsp90, anti-
phosphorylated Akt (pAkt; Thr308), anti-Akt, anti-pCREB (Ser'?),
anti-CREB, anti-ERK1/2, anti-pERK1/2 (Thr202/Tyr204), anti-
pCaMKlle,B, anti-phosphorylated p38 mitogen-activated protein ki-
nase (pP38MAPK) (Thr180/Tyr182), anti-phosphorylated stress-
activated protein kinase/Jun-terminal kinase (pSAPK/JNK) (Thr183/
Tyr185), and anti-microtubule-associated protein 2 (MAP2) antibodies
were purchased from Cell Signaling Technology (Beverly, MA). Anti-
PKC, anti-c-Src, and anti-actin antibodies were from Santa Cruz Bio-
technology (Santa Cruz, CA). Anti-Hsc70 antibody and recombinant
Hsc70 were from Stressgen Biotechnologies (Victoria, Canada). Anti-
GDNE antibody was from R&D Systems (Minneapolis, MN). Anti-glial
fibrillary acidic protein (GFAP) antibody was from Chemicon Interna-
tional (Temecula, CA).

Primary hippocampal neuron cultures. Primary hippocampal neuronal
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cultures were prepared from day 17 embryos of rats. Briefly, hippocampi
were dissected and digested with 0.25% trypsin at 37°C for 30 min. Hip-
pocampal cells were plated in polyornithine-coated plates in DMEM/F12
medium containing 10% fetal bovine serum. The medium was replaced
with DMEM/F12 medium containing 1% N2 supplement {Invitrogen,
San Diego, CA) 24 h later. MAP2-positive cells accounted for over 95% of
the total in cultures.

Transmembrane transport of Leu-Ile. Cultured neurons were incubated
with FITC-Leu-Ile or FITC at various concentrations for the indicated
periods at 37°C. Cells were washed three times with PBS and collected in
300 wl PBS using a rubber scratcher. After samples were sonicated and
centrifuged at 10,000 X g for 30 min at 4°C, the supernants (200 ul) were
collected for fluorescent density measurement at an excitation wave-
length of 485 nm and an emission wavelength of 518 nm by Fluoroskan
Ascent (Thermo Labsystems, Waltham, MA). The intracellular amount
of FITC-Leu-Ile or FITC was calculated according to the standard curve.

Identification of binding protein for Leu-Ile in mouse brain. Brains were
removed from 7-week-old male Institute of Cancer Research mice (Nip-
pon SLC, Shizuoka, Japan), and homogenized in radioimmunoprecipi-
tation assay (RIPA) buffer (20 mm Tris-HCl, pH7.4, 0.25 M NaCl, 5 mm
EDTA, 1% Triton X-100, 1 mm PMSF, and 1 ug/ml each of leupeptin,
aprotinin, and pepstatin A). After centrifugation at 10,000 X g for 60 min
at 4°C, the supernants were collected and reacted with FITC-Leu-lle for
60 min at 37°C. Samples from the reaction complex were subjected to gel
electrophoresis, and the gels were analyzed directly by FluorImager595
(Molecular Dynamics, Sunnyvale, CA).

Preparation of Sepharose Affigel-10 (Amersham Biosciences, Arling-
ton Heights, IL) coupled with Leu-Ile was performed according to man-
ufacturer’s instructions. The column with Affigel-10 coupled with Leu-
lle was loaded with brain homogenates and equilibrated with 10 mm
Tris-HCl buffer, pH 7.4, at 4°C overnight. The column was washed ex-
tensively with 0.1 M PBS, pH 7.4, followed by elution with 0.17 M glycine-
HCl buffer, pH 3.0. The eluants were separated by gel electrophoresis. To
identify the binding protein by liquid chromatography-mass spectrom-
etry (LC-MS), the specific protein band was excised from the gel after
silver staining and digested in-gel with trypsin. The digested peptide
fragments were directly sprayed into a Q-Tof hybrid mass spectrometer
equipped with an electrospray source (Q-Tof 2; Micromass, Manchester,
UK). The analysis was conducted using Mascot Search (Matrix Science,
Boston, MA) with reference to the protein sequence database at the Na-
tional Center for Biotechnology Information (NCBI) (http://www.ncbi.
nlm.nih.gov/Entrez). To validate the binding protein, samples from the
reaction complex of brain homogenates with Leu-Ile were subjected to
gel electrophoresis and then immunoblotted with anti-Hsc70 antibody.
In addition, recombinant Hsc70 protein was reacted with Leu-Ile at 37°C
for 60 min, and the reaction complex was separated by gel electrophoresis
followed by Coomassie brilliant blue (CBB) staining.

Leu-Ile- or FK506-conjugated Affigel-10 was incubated with brain
homogenates at 4°C overnight. The columns were washed extensively
followed by elution with 0.17 m glycine-HCI buffer, pH 3.0. The eluants
were separated by SDS-PAGE and immunoblotted with anti-Hsc70
antibody.

Interaction between Leu-Ile and Hsc70. The binding of Leu-Ile or
FK506 for Hsc70 was examined by quartz crystal microbalance (QCM),
which is useful for studying mass-measuring and molecular interaction
in aqueous solutions (Motomiya et al., 2003). Briefly, 100 pl of each
dipeptide (10 wg/ml in PBS) or FK506 [10 pg/mlin chloroform or chlo-
roform/ethanol (1:1)] was immobilized into a QCM plate for 1 hatroom
temperature, and then removed. After washing three times with PBS, the
plates were soaked in PBS at 25°C. Hsc70 or heat-denatured Hsc70 was
applied to the equilibrated solution, and the change in resonance fre-
quency was recorded using AFFINIX Q User Analysis software (AQUA;
Initium, Tokyo, Japan). The binding affinity was indicated by frequency
changes of QCM, and disassociation constant (K) was calculated with
the AQUA software.

Modeling of functional domains of Hsc70 and the predicted binding site
for Leu-Ile. To further understand the interaction between Hsc70 and
Leu-Ile, molecular models of the ATPase domain, substrate-binding do-
main, and C-terminal domain of Hsc70 were generated using the three-



Cenetal. o A Dipeptide Increases GDNF Expression by Akt/CREB

dimensional structural data from the Protein Data Bank (http://
pdbbeta.rcsb.org/pdb/Welcome.do) in the Research Collaboratory for
Structural Bioinformatics (Flaherty et al., 1990; Morshauser et al., 1999;
Chou et al., 2003). Interaction of each domain with Leu-Ile was analyzed
using Molecular Operating Environment (MOE) software (Chemical
Computing Group, Montreal, Quebec, Canada). All calculations used an
MMFF94x force field and a cutoff distance of 9.5 A for nonbinding
interactions. The Alpha Site Finder of the MOE program was used for
docking stimulation.

Western blotting. Cultured neurons were lysed in RIPA buffer (20 mm
Tris-HCl, pH 7.6, 150 mm NaCl, 1 mm sodium orthovanadate, 2 mum
EDTA, 50 mm NaF, 1% Nonidet P-40, 1 mm PMSF, and 2 pug/ml each of
aprotinin, leupeptin, and pepstatin). Lysates were sonicated and centri-
fuged at 9000 X g for 15 min. Protein concentrations were determined by
protein assay reagents (Bio-Rad, Hercules, CA). The samples were sub-
jected to SDS-PAGE and then electrotransferred to polyvinylidene diflu-
oride membranes. The membranes were immunoblotted and developed
using chemiluminescence detection reagents. To calculate the amount of
phosphorylated form versus total protein, the same membranes were
stripped, incubated with the primary antibody for total protein, and
examined as described above. The relative amount of immunoreactive
protein in each band was assayed by scanning densitometric analysis
using the Atto Densitograph 4.1 system (Atto, Tokyo, Japan).

Immunoprecipitation. After centrifugation, the supernatants of cell ly-
sates were normalized for protein concentration. A fraction (500 pg) of
the total protein was incubated by gently rocking at 4°C overnight in the
presence of anti-Hsp90 antibody. The immunocomplexes were captured
by protein A Sepharose (Amersham Biosciences), washed out by lysis
buffer, and then subjected to SDS-PAGE and immunoblotting.

Immunostaining. Cultured neurons attached to glass coverslips were
fixed with 4% paraformaldehyde in PBS for 20 min, and then blocked in 3%
normal serum and 0.1% Triton X-100 for 1 h. The coverslips were incubated
with the primary antibodies at 4°C overnight, washed with PBS, and then
incubated with appropriate secondary antibodies (Invitrogen) for 2 h. After
being washed and mounted, stained neurons were observed under a fluores-
cent microscope {Axioscop 2 plus; Zeiss, Thornwood, NY).

Real-time RT-PCR. The level of GDNF mRNA was determined by
real-time reverse transcription (RT)-PCR using an iCycler system (Bio-
Rad). Briefly, isolation of total RNA was performed using RNeasy mini
kit (Qiagen, Hilden, Germany). For reverse transcription, 1 pg RNA was
converted into a cONA by a standard 20 wl reverse transcriptase reaction
using oligo-dT primers and Superscript II RT (Invitrogen). Total cDNA (1
wul) was amplified in a 25 ul reaction mixture using 0.1 uM each of forward
and reverse primers and Platinum Quantitative PCR SuperMix-UDG (In-
vitrogen). Ribosomal mRNA was used and determined as the control for
RINA integrity with TagMan Ribosomal RNA control reagents (Applied Bio-
systems, Foster City, CA). The primer and dye probes were designed by
Nippon Gene {Tokyo, Japan) using Primer Express software. The GDNF
forward was 5'-AGCTGCCAGCCCAGAGAATT-3’ (base pair 288-307),
with the reverse being 5'-GCACCCCCGATTTTTGC-3" (base pair 354~
370) and the dye probe being 5'-CAGAGGGAAAGGTCGCAGAGGCC-3'
(base pair 309~331).

Antisense oligonucleotide of CREB. CREB expression was inhibited by
an oligodeoxynucleotide (ODN) targeting the initiation codon of CREB
mRNA as previously reported (Johnson et al., 2000; Saini et al., 2004).
The phosphorothioate ODNs were synthesized by Nisshinbo Industries
(Tokyo, Japan). The sequence of antisense ODN was 5'-
GCTCCAGAGTCCATGGTCAT-3', with a sense ODN with the se-
quence 5'-ATGACCATGGACTCTGGAGC-3" as a control. Transfec-
tions were performed using Lipofectamine reagent (Invitrogen), and
oligonucleotide was added to culture medium at a final concentration of
4 pm. The inhibition of CREB expression after transfection was assessed
by Western blotting. To investigate the role of CREB in transcriptional
regulation of GDNF expression, cultures were incubated with CREB
ODN before Leu-Ile treatment.

PCREB-CRE binding activity. Cultured neurons were collected and
nuclear extracts were prepared by using BD TransFactor extraction kits
(BD Biosciences, Franklin Lakes, NJ) according to the manufacturer’s
protocol. The CRE-pCREB binding activity was determined using
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Figure 1. Transmembrane transport of Leu-lfe. 4, Cultured neurons were exposed to FITC-
Leu-lle or FITC at various concentrations for 30 min, and uptake was analyzed according to
intracellular fluorescent densities (n = 3). 8, Neurons were incubated with 10 pog/miFITC-Leu-
Hle or FITC at 37°Cfor the indicated time periods. Time course uptake was analyzed (n = 3). C,
Neurons were exposed to FITC-Leu-lle for 30 min in the presence of various concentrations of
Leu-lle, which were indicated by different symbols. Penetration of FITC-Leu-lle was signifi-
cantly inhibited by competitive Leu-lle. D, High concentrations of Leu-lle could not inhibit FITC
transport,

TransAM pCREB/CREB transcription factor assay kits (Active Motif
Carlsbad, CA). Briefly, nuclear extract was applied to each well immobi-
lized with oligonucleotide containing CRE 5'-TGACGTCA-3', and in-
cubated for 3 h. After washing, the wells were incubated with anti-pCREB
antibody, followed by HRP-conjugated secondary antibody. After devel-
opment with tetramethylbenzidine, the absorbance was measured with a
microplate reader at 450 nm with reference at 655 nm. The specificity of
the binding of pCREB to CRE was confirmed by conducting competitive
experiments with 20 pmol of wild-type oligonucleotide probe or mutant
probe containing the consensus CRE.

Statistical analysis. All data were expressed as means = SEM. Statistical
significance was determined by a one-way ANOVA, followed by the Stu-
dent-Newman-Keuls test for multigroup comparisons. Differences were
considered significant when p < 0.05.

Results

Transmembrane transport

As shown in Fig. 1A, uptake of FITC-Leu-Ile by neurons was
increased with the elevation of extracellular concentration. Time-
course studies showed that uptake of FITC-Leu-Ile by neurons
was a quick process and appeared to be saturated after incubation
for 60 min (Fig. 1 B). Although transmembrane transport of FITC
was observed in dose- and time-course studies, its penetration
amount was much lower than that of FITC-Leu-lle (Fig. 1 A, B).
Because specific inhibitor for neuronal peptide transporters is
not available, competitive transport was investigated using high
concentrations of Leu-Ile. Simultaneous incubation with various
concentrations of Leu-Ile for 30 min significantly inhibited
FITC-Leu-Ile transport in a concentration-dependent manner
(Fig. 1C), but failed to inhibit FITC transport (Fig. 1 D), suggest-
ing that FITC-Leu-Ile and Leu-Ile are transported by the same
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pathway. Together, these results strongly im-
ply that FITC-Leu-Ile transport is mainly
caused by the transmembrane activity of
Leu-Ile rather than FITC and that the kinet-
ics of FITC-Leu-lle transport, at least in
some degree, reflects that of Leu-Ile.

Identification of target protein for
Leu-Ile in mouse brain

FITC-Leu-lle was incubated with mouse
brain homogenate, and the reaction com-
plexes were subjected to electrophoresis.
By fluorescent scanning, one specific fluo-
rescent protein band with a molecular
weight of ~70 kDa was detected, suggest-
ing that this protein has the specific affin-
ity for Leu-1le (Fig. 24, arrow). To further
identify the protein binding to Leu-lle, D
brain homogenate was applied to Leu-Ile-
conjugated Affigel-10, and the eluants
were subjected to electrophoresis and de-
tected by silver staining. We found a spe-
cific protein band of ~70 kDa with stron-
ger density in the gel (Fig. 2B, arrow),
which was similar to that detected by fluo-
rescent scanning. It has been known that
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C
Obs  Exp Cal Delta Miss ScoreRank Peptide
541.29 1080.571080.56 0 0 22 1 LLQDFFNGK
600.35 1198.68 119867 0 0 54 2 DAGTIAGLNVLR
627.32 1252.63 125261 0 0 64 1 FEELNADLFR
744.37 1486.731486.69 0 0 52 1 TTPSYVAFTDTER
808.93 1516.851615.78 0.1 6 52 1 SFYPEEVSSMYLTK
82542 1648.82164879 0 6 30 1 NQVAMNPTNIVFDAK
1130.61 2259.2 2259.14 0.1 0 62 1 SINPDEAVAYGAAVQAAILSGDK
759.75 2276.222276.13 0.1 0 24 1 GPAVGIDLGTTYSCVGVFQHGK
971.19 2910.552910.53 0 0 67 1 NVLIFDLGGGTFDVSILTIEDGIFEVK
999.85 299653299645 0.1 0 70 1 TLSSSTQASIEIDSLYEGIDFYTSITR

Proteins matching the same set of peptides:

Gi:123647 Mass: 71077 Total score: 496 Peptides matched: 10

dnak -type molecular chaperone Hsc70 — mouse

MSKGPAVGIDLGTTYSCVGVFOHGKVENANDQGNRTTPSYVAFTDTERLIGDAAKNOVAMNPTNTVEDAKRLI
GRRFDDAVVQSDMKHWPFMVVNDAGRPKVQVEYKGETKSFYPEEVSSMVL TKMKEIAEAYLGKTVINAVVT
VPAYFNDSQRQATKDAGTIAGINVLRIINEPTAAAIAYGLDKKVGAERNVLIFDLGGGTFDVSILTIEDGIFEVKS
TAGDTHLGGEDFDNRMVNHFIAEFKRKHKKDISENKRAVRRLRTACERAKRTLSSSTQASIEIDSLY EGIDFY TSI
TRARFEELNADLFRGTLDPVEKALRDAKLDKSQIHDIVLVGGSTRIPKIQKLLODFFNGKELNKSINPDEAVAYG
AAVOAATLSGDKSENVQDLLLLDVTPLSLGIETAGGVMTVLIKRNTTIPTKQTQTFTTYSDNQPGVLIQVYEGER
AMTKDNNLLGKFELTGIPPAPRGVPQIEVTFDIDANGILNVSAVDKSTGKENKITITNDKGRLSKEDIERMVQEAE
KYKAEDEKQRDKVSSKNSLESY AFNMKATVEDEKLQGKINDEDK QKILDKCNEISWLDKNQTAEKEEFEHQQ
KELEKVCNPITKLYQSAGGMPGGMPGGFPGGGAPPSGGASSGPTIEEVD

the family of heat shock protein 70 repre-
sents an important cellular mechanism in
neuroprotection (Rubio et al., 2002; Zhang
et al., 2004); moreover, Leu-Ile derives from
FK506, which exerts neuroprotective action
through Hsp70 (Gold et al., 2004). There-
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fore, the band of ~70 kDa was selected and
processed to generate tryptic peptides, which
was analyzed by direct nanoflow LC-MS. All
of the digested peptide fragments could be
assigned to Hsc70 with 100% homology by
Mascot Search, and the matching score was
496 (Fig. 2CD). To confirm the mass
spectrometric-based identification of the
Leu-lle-binding protein, reaction complexes
were subjected to SDS-PAGE and immuno-
blotted with Hsc70 antibody. We detected
Hsc70 (open arrow) as well as an Hsc70-
Leu-lle complex (closed arrow), which
showed a slight retardation of electro-
phoretic mobility because of the increased molecular weight com-
pared with that of Hsc70 (Fig. 2 E). Moreover, Hsc70-Leu-Ile (closed
arrow) and Hsc70 (open arrow) were also identified by CBB staining
in the reaction complex of Leu-Ile with recombinant Hsc70 (Fig.
2F). These results confirm that Hsc70 is a specific binding protein
for Leu-lle.

To study whether FK506 binds to Hsc70, Leu-Ile or FK506
Affigel-10 were incubated with brain homogenate at 4°C over-
night. The eluants were subjected to SDS-PAGE and probed with
anti-Hsc70 antibody. Interestingly, Hsc70 was detected in the
eluants from both Leu-Ile and FK506 Affigel-10, suggesting that
Hsc70 may bind to FK506 directly or indirectly (Fig. 2G).

Figure 2.

Interaction between Leu-Ile and Hsc70

QCM was applied to investigate more directly the interaction be-
tween Leu-Ileand Hsc70. The resonance frequency change (—~8F) of
QCM responding to Leu-Ile decreased over time, indicating that

control Leu-Ile

control Leu-Ile

control Leu-Te FK506

Identification of the specific protein binding to Leu-lle. A, The reaction complexes of brain homogenate and FITC-
Leu-le were subjected to gel electrophoresis, followed by fluorescent scanning. FITC-Leu-lle alone was used as a control. The
protein binding with FITC-Leu-lle is marked by an arrow. B, Brain homogenate was incubated with Leu-lle Affigel-10 followed by
washing and efution. The eluates were separated by electrophoresis, followed by siiver staining. The protein band {arrow) was
analyzed by mass spectrometry. €, The figure incorporates the observed mass (Obs), expected nominal mass (Exp), and calculated
mass (Cal}, together with the Miss, Score, Rank from Mascot Search, and Peptide sequence. D, The picture shows the amino acid
sequence assigned to each peptide (underlined) and their position in the Hsc70 sequence (NCBI, Gi:123647). £, Brain homogenate
was or was not (control) reacted with Leu-lle, and the reaction complex was subjected to SDS-PAGE followed by immunoblotting
with anti-Hsc70 antibody. Leu-lle-Hsc70 (closed arrow) and Hsc70 (open arrow) are shown. £, Recombinant Hsc70 was or was not
(control) reacted with Leu-lle, and the reaction complexes were subjected to SDS-PAGE followed by (BB staining. Leu-lle-Hsc70
(closed arrow) and Hsc70 (open arrow) are shown. G, Brain homogenate was incubated with Leu-lle- or FK506-Affigel, followed
by washing and elution. The eluates were separated by electrophoresis and probed with anti-Hs¢70 antibody.

Hsc70 had a significantaffinity for Leu-Ile in a time-dependent man-
ner (Fig. 3A). However, Pro-Leu and Ile-Pro had no effect on the
resonance frequency change. The resonance frequency was de-
creased dose-dependently by Hsc70, showing the affinity of Hsc70
for Leu-Ile with K, equal to 1.83 X 10 "B M (Fig. 3B). Leu-Ile had no
influence on resonance frequency change when it was incubated
with heat-denatured Hsc70 (data not shown). These results indicate
the binding specificity of these two molecules and the requirement of
the three-dimensional conformations of Hsc70 and Leu-lle. How-
ever, resonance frequency change was not observed when Hsc70 was
added to the QCM plate immobilized with FK506, suggesting that
FK506 may not bind directly to Hsc70 (Fig. 3C).

ATPase domain of Hsc70 is the predicted binding site

of Leu-Jle

To get further insights for Leu-Ile-Hsc70 interaction, three-
dimensional structural models of ATPase domain, substrate-



Cenetal. o A Dipeptide Increases GONF Expression by Akt/CREB

A B C
800} Kd=1.83x 108 M 500
600 ° ® g 400¢
5%
400 P = 300
y &" 200

N

j=3

[=3
[}
o

B S W T
0 100 200 300 400 500 600

0 100 200 300400 500 600 0 5 10 1520 25 30

J. Neurosci., March 22, 2006 - 26(12):3335-3344 - 3339

Leu-Ile stimulates Akt phosphorylation
Because  Hsc70/Hsp90  cochaperones
modulate the activities of a restricted
number of tyrosine and serine/threonine
kinases (Nollen and Morimoto, 2002),
we first investigated whether c¢-Src,
P38MAPK, SAPK/JNK, and Akt were af-
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Figure 3.
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Figure 4. Leu-lle stimulates Akt phosphorylation. 4, Neurons were exposed to Leu-lle (10
wa/ml) for the indicated times. Cell lysates were subjected to SDS-PAGE and probed with
various antibodies. The representative immunoblots are shown. B, Neurons were exposed to
Leu-lle (10 reg/mi) for the indicated times. Immunoblots were probed with antibodies against
Hsp90, Hsp70, and Hsc70. €, Neurons were stimulated with Leu-lle, Pro-Leu, and lle-Pro (10
wg/mi) for 30 min. Cell lysates were subjected to SDS-PAGE and probed with antibodies against
pAkt and Akt.

binding domain, or C-terminal domain of Hsc70 were produced,
and the potential interaction of each domain with Leu-Ile was
analyzed by MOE software. The ATPase domain showed the
strongest interaction potential with Leu-Ile among these three
domains. The predicted binding site of Leu-Ile in this domain
appears to be a pocket structure, which is near the ADP docking
site (supplemental Fig. 1A, available at www.jneurosci.org as
supplemental material). It has been demonstrated that sub-
strates, binding at this domain, affect the ATP cycle and cause
conformational regulation of Hsc70 and its cochaperones (Her-
nandez et al., 2002). The substrate-binding domain showed no
stable docking site for Leu-Ile (supplemental Fig. 1 B, available at
www.jneurosci.org as supplemental material).

Affinity of Leu-lle and Hsc70 was assayed by QCM. A, Time course of frequency change {—& F) of dipeptide-
immobilized QCM is shown, responding to the addition of Hsc70 to the aqueous solution. B, Binding behavior of Leu-lle to Hsc70
is dependent on Leu-lle concentration. C, Frequency change of FK506-immobilized QCM was not observed with Hsc70.

fected by Leu-Ile. The pAkt level was ele-
vated by Leu-Ile (10 pg/ml) treatment for
20 or 30 min (Fig. 4A), whereas no
changes in levels of other kinases were ob-
served. In addition, expressions of Hsp90,
Hsp70, and Hsc70 were not affected by
Leu-Ile treatment for the indicated time
points, showing that Leu-Ile is not a heat
shock response inducer (Fig. 4 B). Another two peptides, Pro-Leu
and Ile-Pro, could not promote Akt phosphorylation (Fig. 4C).

Reaction time (sec)

Leu-Ile-induced Akt phosphorylation is mediated by Hsp90
Asshown in Figure 5A, Akt phosphorylation was stimulated after
Leu-Ile treatment for 20 or 30 min [F5 5, = 11.30; p < 0.01 and
p < 0.01 respectively, compared with the control (0 min)]. Be-
cause Hsp90 is a modulator for Akt, we thus investigated whether
Akt activation by this dipeptide was mediated through Hsp90.
The cultures were exposed to an Hsp90 inhibitor GA (10 um) for
3 h, followed by Leu-Ile stimulation for 30 min. We found that
the increase in pAkt level induced by Leu-Ile was obviously abol-
ished by GA pretreatment (p < 0.01, compared with Leu-Ile
treatment for 30 min). GA did not cause toxicity to neurons in
our cultures (data not shown). To evaluate the involvement of
PI3-k, an upstream activator for Akt, the cultures were stimulated
by Leu-Ile after pretreatment with a PI3-k inhibitor LY294002
(15 pM) for 2 h. Although the pAkt level induced by Leu-Ile was
inhibited by LY294002 to some degree, it was still much higher
than that of LY294002 alone (Fs, ;) = 11.05; p < 0.01) (Fig. 5B),
suggesting that Leu-Ile-activated Akt may not be mediated by
PI3-k. Furthermore, immunoblotting of immunoprecipitates
with anti-Hsp90 antibody was performed using anti-Akt or anti-
pAkt antibody. The level of immunoprecipitated pAkt was ele-
vated significantly by Leu-Ile stimulation for 20 or 30 min [F3 |5 =
7.75; p < 0.01 and p < 0.01 respectively, versus control (0 min}]
(Fig. 5C, top), indicating the enhanced interaction between
Hsp90 and pAkt. Although immunoprecipitated Akt did not dif-
fer significantly, the increase tendency was obvious (Fig. 5C, mid-
dle). Direct interaction between Hsc70 and Akt was not observed
in our immunoprecipitation assays (data not shown). Together,
Leu-lle is considered to activate Akt in an Hsp90-dependent
manner.

CREB is a downstream target of Hsp90/Akt signaling
activated by Leu-Ile

CREB was chosen to study intensively because it is a regulatory
target of Akt and closely associated with GDNF expression. The
amount of pCREB at Ser ** was increased after Leu-Ile stimula-
tion for 20 or 30 min (Fig. 6 A), whereas both Pro-Leu and Ile-Pro
could not promote CREB phosphorylation (Fig. 6 B). Moreover,
increased pCREB immunoreactivity and nucleus translocation
induced by Leu-Ile were observed in MAP2-positive cells (Fig.
6C, middle), which is thought to be an early step for gene tran-
scriptional regulation of CREB. To study the possibility of Leu-Ile
acting on glial cells, both GFAP and pCREB were stained, despite
that the culture contained few glial cells. We found that enhanced
pCREB immunoreactivity and nucleus translocation induced by



3340 - . Neurosci., March 22, 2006 - 26{12):3335-3344

A pAkt |

Akt |

0 10 20 30 Leulle gao
treatment time (min) + GA
B pAkt[— —— — l
Akt | . — l

pAkt /Akt
( % of control )
=
o

0 10 20 30 ILeulle LY

treatment time (min) +LY
C IP: HspS0
WB : pAkt |

N
(=
[«

pAkt /Akt
( % of control )
=
[ew]

30 (min)

0 10 20

Figure 5. Aktactivation induced by Leu-lle is mediated by Hsp90. 4, B, Neurons were stim-
ulated with Leu-lle (10 wug/ml) alone for 0, 10, 20, and 30 min, or pretreated with GA (10 zum)
for 3 h (4) or LY294002 (15 pem) for 2 b (B), followed by Leu-lle (10 zg/ml) treatment for 30
min. Cell lysates were immunoblotted with antibodies against pAkt and Akt. Each column
represents the mean = SEM (n = 4). Leu-lle + GA neurons were pretreated with GA followed
by Leu-lle; GA neurons were pretreated with GA alone; Leu-lle + LY neurons were pretreated
with 1Y294002 followed by Leu-lle treatment; LY neurons were pretreated with LY294002.
**p < 0.01 versus control (0 min); #p < 0.07 versus Leu-lle (30 min); SSp < 0.07 versus
1Y294002. €, Cultures were exposed to 10 wg/ml of Leu-lle for the periods indicated. Cell
extracts wereimmunoprecipitated (IP) with anti-Hsp90 antibody or control rabbit IgG, followed
by immunoblotting (WB). Densitometric data are presented as the mean = SEM {n = 4).
**p < 0.01 versus control (0 min).

Leu-Ile were not located in GFAP-positive cells, which showed
lower pCREB immunoreactivity (Fig. 6 D). To assess the involve-
ment of Hsp90/Akt signaling in CREB phosphorylation induced
by Leu-lIle, we investigated the change of pCREB after inhibition
of this pathway. The cultures were stimulated with Leu-Ile alone
for 10, 20, or 30 min, or pretreated with GA (10 um) for 3 h,
followed by Leu-lle treatment for 30 min. We found that the
pCREB level was elevated after Leu-Ile exposure for 20 or 30 min
[Fi5 16y = 11.32; p < 0.01 and p < 0.01 respectively, compared
with control (0 min}}, whereas the increase was inhibited by GA
pretreatment (p < 0.01 versus Leu-Ile for 30 min) (Fig. 6E).
Double-staining supported these results, showing the loss of
pCREB immunoreactivity and nucleus translocation in GA-
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treated neurons (Fig. 6C, bottom). The increase in pCREB in-
duced by Leu-Ile could not be inhibited by 1Y294002, and
showed a higher level compared with LY294002 group (Fis g =
10.36; p < 0.01) (Fig. 6 F). Because a wide range of neuromodu-
lators can converge on CREB via various cascades in neurons, we
examined pERK1/2, PKC, and pCaMKlIla/B. However, no
changes of these kinases were observed responding to Leu-Ile
(Fig. 6G). Collectively, these results show that CREB is a down-
stream target of Hsp90/Akt signaling activated by Leu-Ile.

Leu-Ile increases GDNF expression in a

CREB-dependent manner

After the cultures were exposed to 10 pug/ml Leu-lle, Pro-Leu, or
Ile-Pro for 24 h respectively, the levels of GDNF expression were
measured. We found that Leu-Ile, but not Pro-Leu and Ile-Pro,
significantly promoted GDNF production (Fig. 7A). Moreover,
the levels of GDNF mRNA were obviously elevated when neurons
were incubated with Leu-Ile (10 pg/ml) for 12 or 18 h, as evi-
denced by real-time RT-PCR measurement (Fig. 7B). These re-
sults were well consistent with our previous report (Nitta et al,,
2004). To investigate the role of CREB in transcriptional regula-
tion of the GDNF gene induced by Leu-Ile, CREB antisense ODN
was used to downregulate CREB expression. CREB expression
was inhibited when neurons were transfected with CREB anti-
sense ODN for 24 h, whereas sense ODN showed no effect (Fig.
7C). GDNF mRNA levels were measured after Leu-Ile treatment
for 18 h in the presence of CREB antisense ODN or sense ODN,
and we found that GDNF mRNA induced by Leu-Ile was inhib-
ited significantly by CREB antisense ODN (Fig. 7D). Further-
more, cellular GDNF expression was analyzed after Leu-Ile treat-
ment in the presence of CREB antisense ODN. The GDNF level
was dramatically elevated to ~188% after neurons were incu-
bated with Leu-Ile for 24 h (F(s 5y = 25.74; p << 0.001 versus
control). However, the induction of GDNF expression by this
dipeptide was significantly attenuated by CREB antisense ODN
{(p < 0.01 versus Leu-lle or Leu-Ile plus CREB sense ODN).
CREB antisense ODN did not significantly influence the basal
expression of GDNF (Fig. 7E). Similarly, immunostaining re-
vealed both stronger GDNF and nuclear pCREB immunoreactiv-
ities in Leu-Ile-treated neurons (Fig. 7F, middle), whereas such
actions were blocked by CREB inhibition resulted from antisense
ODN (Fig. 7F, right). These observations indicated that GDNF
expression was in parallel with CREB phosphorylation. Addi-
tionally, pCREB-CRE binding activity was obviously promoted
after Leu-Ile treatment for 30 min (F ) = 51.28; p < 0.01
compared with control) (Fig. 7G, left two columns). Competitive
experiments showed the specificity of pCREB-CRE binding, be-
cause the increased pCREB-CRE binding activity was almost to-
tally blocked when competitive wild-type ODN probe was added
{p <0.001 versus mutant ODN treatment), but not the mutant
one (Fig. 7G, right two columns). Collectively, these results
showed that CREB plays a key role in transcriptional regulation of
the GDNF gene induced by Leu-Ile.

Discussion

Using the principles of structure-based drug design, we synthe-
sized three dipeptide analogs which resemble the dipeptide-like
binding site of FK506 for immunophilin. Among these dipep-
tides, hydrophobic Leu-Ile was demonstrated to promote GDNF
expression. Transport studies revealed the transmembrane mo-
bility of Leu-Ile, although it is not clear which pathway is respon-
sible for this process. Peptide transporter PTH1 is considered to
transport oligopeptides, especially dipeptides, into neurons (Ya-
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induced conformational changes in the
ATPase domain (Nollen et al, 2001).
Therefore, the interaction between Leu-Ile
and Hsc70 may result in conformational
and functional regulation of Hsc70.
Hsc70/Hsp90 chaperones are specially
considered to be an integrated cochaper-
one machinery. They often work together
as essential components of a process that
alters the conformations of a certain num-
ber of signaling transducers to states that
respond in signal transduction, such as
glucocorticoid receptors, Akt, and Src ki-
nases (Rajapandi et al., 2000; Pear] and
Prodromou, 2001). Moreover, activities of
Hsc70/Hsp90 machinery are affected by a
wide range of cofactor proteins that inter-
act directly and specifically with either
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Figure 6.  (REBIis a downstream target of Hsp90/Akt signaling activated by Leu-lle. 4, Cultured neurons were exposed to 10

g/mi of Leu-fle for 0, 10, 20, and 30 min, and pCREB was measured by immunoblotting. B, Western blotting with anti-p(REB
antibody reveals (REB activation induced by Leu-fle but not Pro-Leu and lle-Pro. €, Visualization of CREB phosphorylation (red) in
MAP2-positive neurons (green) induced by Leu-lle. D, Phosphorylated (REB (red) induced by Leu-lle is not located in GFAP-
positive cells (green). £, F, Neurons were treated with Leu-lle (10 pug/ml} for O (control), 10, 20, and 30 min respectively, or
pretreated with GA {10 zu) for3h (E) orLY294002 (15 1m) for 2h (F), followed by Leu-lle (10 rog/ml) treatment for 30 min. £ach
column represents the mean = SEM (n = 4). Leu-lle + GA neurons were pretreated with GA followed by Leu-lle; GA neurons
were pretreated with GA; Leu-lle + LY neurons were pretreated with LY294002 followed by Leu-lle; LY neurons were pretreated
with LY294002. **p << 0.01 versus control {0 min); **p << 0.01 versus Leu-lle (30 min); *°p < 0.01 versus LY294002. G, PKC,
pERK1/2, and p(aMKllae/ B were measured after Leu-Hle (10 ug/ml) treatment by immunoblotting.

mashita et al.,1997), and Leu-Ile is possibly transported by this
transporter.

A series of experiments indicated that Leu-Ile binds specially
to Hsc70, a member of the heat shock protein 70 family, which
represents an important cellular mechanism in chaperone-
mediated neuroprotection (Muchowski, 2002). The binding of
Hsc70 to Leu-Ile was time and dose dependent, as suggested by
QCM measurement. Moreover, such binding depended on the
dimensional structure of both Hsc70 and Leu-lle, because heat-
denatured Hsc70 failed to bind this dipeptide, and another two
similar dipeptides, Pro-Leu and Ile-Pro, showed no affinity for
Hsc70. These findings indicate that Leu-Ile-Hsc70 interaction
may be not a transient association but a specific binding depen-
dent on their dimensional structure. By molecule modeling and
docking stimulation, the ATPase domain of Hsc70 rather than
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ATPase may affect the functions of Hsp90
toward its client proteins. We thus pro-
posed that Leu-Ile, after binding to Hsc70,
influenced Hsc70/Hsp90 chaperoning
function toward client signaling proteins,
resulting in mobilization of downstream
signaling. To explore this hypothesis, we
first studied some tyrosine and serine/
threonine kinases, including mitogen-
activated protein kinases, Akt, and Src,
which are closely associated with Hsp90
and neuron survival (Richter and Buch-
ner, 2001). Akt phosphorylation was ele-
vated apparently by Leu-Ile, whereas other
kinases showed no change, implying the
functional modulation of Hsc70 by Leu-
lle and involvement of Hsc70/Hsp90 co-
chaperone in the regulation of Akt phos-
phorylation. Thulasiraman et al. (2002)
reported a similar finding that a small hy-
drophobic peptide, binding to the ATPase
domain of Hsc70, affects ATPase activity
and Hsp90/Hsc70-dependent transformation of eukaryotic initi-
ation factor 2« kinase into an active form.

Heat shock response has been implicated in mediating the
neuroprotective effect of FK506 (Klettner and Herdegen, 2003;
Gold et al., 2004) and in activating Akt by conformational regu-
lation of this molecule (Konishi et al., 1999; Matsuzaki et al.,
2004). However, Leu-Ile did not affect the expression of Hsc70,
Hsp70, or Hsp90, indicating that it unlikely exerts neuroprotec-
tive action by a mechanism of heat shock response. Given the
possibility that the binding of FK506 to Hsp90/steroid receptor
complexes might dissociate Hsp90 from heat shock factor, thus
inducing heat shock response (Gold et al., 1999, 2004; Klettner
and Herdegen, 2003), Leu-Ile unlikely affects the association be-
tween Hsp90 and steroid receptor, which may underlie its inca-
pability in inducing heat shock response.

+LY
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GA is known to bind the ATP-binding A E
pocket of Hsp90 and to inhibit ATP bind- 250} GDNF e
ing and hydrolysis, thereby disrupting its g € 200 Actin | — e —— — |
function (Basso et al, 2002). GA signifi- Z g 150 5250 vex
cantly blocked the increased pAkt levels O B 100} e 200
induced by Leu-Ile, whereas PI3-k inhibi- £ 5ol 8 ¢ 150
tor LY294002 failed. On the basis of these : ® 100
findings, Leu-Ile is considered to activate 0&0\ 0;\,6“\63&0 o 501
Akt through Hsp90. It is clear that Aktin- R L Lou il
teracts with Hsp90 via its catalytic domain 600 CREBantisense ODN -+ - -+ -
[ CREB sense ODN *
and that Hsp90 promotes Akt activity by <z
reducing PP2A-mediated pAkt dephos- % 18’ 400 F
phorylation at the threonine 308 residue 3 o
(Sato et al., 2000). Therefore, Leu-Ile, after a .,\?’ 200
binding to Hsc70, may facilitate Hsp90- o=
Akt interaction through conformational
regulation, resulting in an increase in pAkt
through protecting it from dephosphory-
lation. Immunoprecipitation assays dem-  C
onstrated such hypothesis because it re- CRE [ S = = I
vealed a significant increase in pAkt- AR [ e e |
Hsp90 interaction. We also observed an control CREB CREB
elevation in total Akt immunoprecipitated ODN  ODN
by Hsp90 despite that the difference was
not significant. Considering that GA D 800
canses the ubiquitin-mediated degrada- <=
tion of client Akt (Prodromou et al., 1997), % & 600
Leu-Ile may inhibit proteasomal degrada- & § 400 G 0.8
tion of Akt mediated by Hsc70/Hsp90, re- B LYY
sulting, accordingly, in pAkt elevation. © = 200 9 3 5 '
This notion is supported by previous stud- 8528 04
ies, which show that CAIR-1, after binding Leulle - + + 2 .E €02
to the Hsc70 ATPase domain, increases ~CREBamisenseODR. - -+ =~ guc
Akt phosphorylation by inhibiting its shift - -7 control Leu-Tle  matant wild-type
from Hsp90 to Hsc70, where Aktis ubiqui- Figure7. Leu-lleincreases GONF expression in a CREB-dependent manner. 4, Leu-lle significantly increased GDNF expression,

tinated and degraded (Doong et al., 2003).

Our data cannot distinguish between these
two mechanisms. Anyway, Hsc70, after
binding to Leu-lle, appears to be crucial
for the transmitting of neurotrophic sig-
nals of this dipeptide, which brings about
Hsp90/Akt signaling. Nakagomi et al.
(2003) reported that Hsp27 promotes sur-

whereas Pro-Leu and Ile-Pro showed no GDNF-inducing activities. **p < 0.01 versus control (1 = 4). B, GDNF mRNA levels
induced by Leu-lle for various periods were studied by real-time RT-PCR. *p << 0.05 and ** p <C 0.01 versus control {0 h). ¢, CREB
expression was blocked by CREB antisense ODN, as revealed by Western blotting. D Neurons were incubated with Leu-lle {10
wa/mi) for 24 hin the presence of CREB antisense ODN or sense ODN. Data are expressed as 3 percentage of the control (mean
SEM; n = 4). **p << 0.01 versus control; *p << 0.05 versus Leu-He or Leu-lle plus CREB sense ODN. £, Neurons were incubated with
Leu-lfe (10 wug/ml) for 24 hin the presence of CREB antisense ODN or sense 0DN. Data are expressed as a percentage of control
{mean = SEM; n = 4). ***p < 0.001 versus control; "”p << 0.01 versus Leu-lle o Leu-lle plus CREB sense ODN. F, Neurons were
labeled with anti-GDNF (green) and anti-pCREB antibodies (red). G, CRE-pCREB binding activities were quantified after Leu-lle
treatment for 30 min. **p << 0.01 versus control; ***p << 0.001 verse mutant 0DN (n = 4).

vival in PC12 cells and ganglion neurons
by promoting Akt activity, which is inde-
pendent of upstream activators. A chaperone-like protein,
B-synuclein, exerts a neuroprotective effect by directly stabilizing
Akt activity rather than by acting on PI13-k (Hashimoto et al,
2004). Therefore, these findings, together with ours, further sup-
port a notion that chaperones like Hsp90 may participate in neu-
roprotection by conformational or chaperoning modulation of
Akt rather than by acting on upstream effectors of the pathways.
Additionally, Akt activation is required for increased expression
of astroglial GDNF induced by melatonin (Lee et al., 2006).

GA blocked CREB activation induced by Leu-Ile, indicating
that CREB activation proceeds via Hsp90/Akt signaling. These
findings are supported by previous studies that show that mod-
ulation of Akt based on Hsc70/Hsp90 cochaperones results in the
maintenance of downstream CREB activation (Doong et al,
2003). Although CRE exists in the promoter sequence of the
GDNF gene, there is no direct evidence showing the role of CREB
in GDNF transcriptional regulation. Moreover, Akt promotes
phosphorylation of CREB, stimulates recruitment of CREB to

promoters, and activates gene expression (Pugazhenthi et al,
2000; Leinninger et al., 2004). We thus intensively investigated
the role of Leu-lle-activated pCREB in GDNF expression. We
found that Leu-Ile-induced GDNF mRNA production and pro-
tein expression were attenuated when CREB was inhibited. Fur-
thermore, CREB activation was accompanied by an increased
capacity to activate transcription of target genes, because pCREB-
CRE-binding activity was promoted. These results demonstrated
that CREB-dependent transcriptional regulation is responsible
for the GDNF-inducing properties of Leu-Ile. Although GDNF
expression likely involves combinatorial interactions with multi-
ple transcription factors including CREB, nuclear factor B
(NF-«B), and AP-2 (Woodbury et al., 1998), Leu-lle-induced
CREB activation is sufficient for inducing GDNF expression, in-
dicating that CREB functions as an important transcriptional
factor for the GDNF gene. Similarly, FK960 induces GDNF ex-
pression in CREB-dependent mechanisms (Koyama et al., 2004).
The extent to which a transcription factor is required for GDNF
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transcriptional regulation is likely to depend on the character,
strength, or duration of extracellular stimuli. For example,
NF-«B seems to play a role in GNDF induction in response to
cytokines (Tanaka et al., 2000}, whereas CREB likely participates
in GNDF induction by growth factors like basic fibroblast growth
factor (Lenhard etal., 2002). The defined Hsp90/Akt/CREB path-
way may provide a novel significant signaling that regulates
GDNF expression.

Several cascades have been implicated in underlying neuro-
trophic activity of FK506. For example, FK506 potentiates NGF-
induced neurite outgrowth via the Ras/Raf/MAPK pathway and
involves PI3-k signaling (Price et al., 2003, 2005). Gold et al.
(1999) reported that GA blocked neurotrophic action of FK506,
suggesting FK506 interaction with Hsp90 via binding to FKBP52
is important for its neuroregenerative properties. However,
FKBP-12 is not necessary for its neurotrophic effects (Gold et al.,
1999, 2005). As suggested from QCM findings, FK506 may not
interact with Hsc70 directly. Although the role of Hsc70 in me-
diating neuroprotective action of FK506 is unclear at present, it is
tempting to speculate that FK506 might regulate the chaperoning
function of Hsp90/Hsc70 through FKBP and, thus, modulate
certain signaling kinases. It remains to be investigated intensively.

GDNF is a promising therapeutic agent for the treatment of
neurodegenerative diseases. However, the delivery of GDNF to
the CNS provides an interesting challenge, because GDNF is un-
able to cross the blood—brain barrier (Kirik et al., 2004), and use
of low-molecular-weight drugs is an interesting alternative.
FK506 exerts neuroprotective action, which is thought to depend
on its GDNF-promoting effect (Tanaka et al., 2003). However, it
cannot be used in therapy for neurological disorders because of
its immunosuppressive effects. Leu-Ile, a small hydrophobic
molecule, can penetrate neurons and promote GDNF expression,
although it shows no immunosuppressive activity. Thus, it may
represent a novel lead compound for treatment of dopaminergic
neuron or motoneuron diseases such as Parkinson disease.

In conclusion, Leu-Ile targets the Hsc70/Hsp90 cochaperone
and, thus, triggers Akt/CREB signaling, resulting in upregulation
of GDNF expression. This defined cascade may provide a deep
insight into the cellular mechanism of GDNF expression
regulation.
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Abstract

There is an urgent need to develop a reliable mouse model of relapse to address the genetic factors involved in susceptibility to relapse of
drug-seeking behavior by using mutant mice. This paper presents a feasible way to reinstate extinguished methamphetamine (METH)-seeking
behavior. Male C57BL/6J mice acquired stable nose-poking responses for taking METH after approximately 10 daily 3-h sessions of METH
(0.1 mg/kg/infusion) self-administration under a fixed ratio 1 or 2 (FR1/2) schedule. During the self-administration, cue- and hole-lamps indicated
the availability of METH and were inactivated simultaneously with each infusion for 5s. The mice were exposed to extinction training in the
absence of METH-paired stimuli (cue- and hole-lamps) and METH infusion, until they met the extinction criterion (less than 25 active responses or
30% of active responses in the stable self-administration phase on 2 consecutive days). METH-paired stimuli (cue- and hole-lamps) during METH
self-administration reliably triggered a relapse of METH-seeking behavior in the absence of METH infusion. A combination of non-contingent
intravenous (i.v.) priming and self-injected METH also increased the reinstatement of METH-secking behavior in the absence of METH-paired
stimuli (cue- and hole-lamps) and without METH infusion posterior to the self-injection. These results suggest that the mouse model of relapse in
our study might provide a new stage for the exploration of genetic factors involved in relapse of drug dependence and of the underlying mechanisms

of drugs of abuse.
© 2005 Elsevier B.V, All rights reserved.

Keywords: Mouse model of relapse; Methamphetamine; C57BL/6J mice; Extinction; Cue-induced reinstatement; Drug-primed reinstatement; Intravenous self-

administration

1. Introduction

A major clinical problem in treating drug abusers or addicts
is relapse of drug dependence even after long-term abstinence.
To address this issue, an experimental reinstatement procedure
has been established in monkeys and rats [37], which reli-
ably represents relapse of drug-seeking behavior in addicts.
This is based on findings of similarities in the development
of drug dependence between humans and animals, including
compulsive drug taking [9,13,24,44,45], cue-induced relapse
[14,15,20,30,38], drug-primed relapse [21,26,39] and stress-
triggered relapse {38,39] of drug-seeking behavior. In the typical
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reinstatement paradigm, the ability of acute exposure to drugs
or non-drug conditioned cues to reinstate operant conditioning
responses is determined following drug self-administration and
subsequent extinction of the drug-reinforced behavior [7,37].
Using this paradigm, potential anatomical neuronal substrates
and transmitter systems have been identified [18,19,36,39,46],
and clinical data support these findings [3,22,23,25,27].
Clinical therapeutic candidates have also been tested using
the reinstatement procedure in experimental animals [37,42].
However, no direct evidence has been obtained of genetic fac-
tors contributing to susceptibility to relapse although there is
evidence of considerable individual variability in the propen-
sity for relapse to drug seeking and taking in human addicts
or animals [2,10,12,13,17,42,45]. Since most genetically mod-
ified model animal strains are inbred mice, there is an impetus
to develop self-administration and reinstatement procedures for
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mice [6,12,20,26,31,32,37,42]. In the last decade, mouse mod-
els of i.v. self-administration have been well developed and used
to identify several specific genes involved in the acquisition
and maintenance of drug dependence, including serotonin 1B
receptor [35], acetylcholine receptor containing the beta2 [32],
dopamine transporter [34], mu-opioid receptor [33], cannabi-
noid receptor 1 [11,40], metabotropic glutamate receptor 5 [8],
dopamine D2 receptor [5,10,16], Kir3 potassium channel sub-
unit, Homer 2 [28], Homer 2 [41], activator of G protein signal-
ing 3 [4], etc. In contrast, a model of relapse has only just been
established in 129 x 1/Sv] and C57BL/6 mice, respectively,
by two groups of researchers [20,26]. Both strains exhibited
a conditioned stimulus-induced, but not intraperitoneal (i.p.)
cocaine-primed, reinstatemment of extinguished cocaine-seeking
behavior, although 129 x 1/SvJ mice demonstrated 2 modest i.v.
cocaine-primed reinstatement. However, it seems to be difficult
to extend the reinstatement procedures presented in those two
reports to transgenic mice since no further study has been pub-
lished to date. Thus it largely remains to be determined which
genes are specifically involved in the propensity for relapse.

Over the past several years, abuse of METH has spread world-
wide, resulting in serious health and social issues {2,8,29,43].
Similar to other drugs of abuse, a major clinical concern in the
treatment of METH addiction is relapse even after long-term
abstinence [2,9,43]. However, no research has been conducted to
develop reliable procedures to reinstate METH-seeking behav-
jorin mice. In the present study, a newly developed reinstatement
procedure was used to characterize the cue-induced and METH-
primed reinstatement of extinguished METH-seeking behavior
in C57BL/6J mice.

2. Materials and methods
2.1. Subjects and drugs

Male CS57BL/6J mice (8 weeks old; SLC, Japan) weighing 20-25g were
used in this study. All mice were kept in a regulated environment (23 £0.5°C;
50+ 0.5% humidity) with a 12-h reverse light/dark cycle (lights on between
9:00 a.m. and 9:00 p.m.). Water and food were available ad libitum through-
out the experiment unless otherwise noted. All experiments were performed in
accordance with Guidelines for Animal Experiments of the Nagoya University
School of Medicine, the Guiding Principles for the Care and Use of Laboratory
Animals approved by the Japanese Pharmacological Society, and the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. METH
hydrochloride (Dainippon Pharmaceutical, Osaka, Japan) was dissolved in ster-
ile saline and self-administered at a dose of 0.1 mg/kg/infusion over 5 s (infusion
volume, 2.1 ). The unit dose for METH self-administration is based on previ-
ous reports [1,6] and our pilot observations.

2.2. Apparatus for nose-poking task and self-administration

Nose-poking task and the subsequent self-administration were conducted in
standard mouse operant conditioning chambers (ENV-307A, Med Associates,
Georgia, Vermont, USA) located within ventilated sound attenuation cubicles.

For nose-poking task, the chamber was equipped with two nose-poke sensors
(ENV-313M, Med Associates) in two holes, two cue-lamps in and above each
hole, and a food pellet dispenser (ENV-203-20, Med Associates) connected with
a rectangular opening (2.25 cm x 2.25 cm) between the two holes. The bottom
of the opening was 5 mm above the chamber floor and was equidistant from the
holes. A house light was located at the top of the chamber opposite the holes.
During the training period, nose-poking responses in the active hole resulted

in the delivery of a pellet to the opening by the dispenser (ENV302M, Med
Associates). Nose-poking responses in the inactive hole had no programmed
consequences but were recorded by the software MED-PC for Windows (Med
Associates).

For self-administration, the operant conditioning chambers were equipped
with nose-poke sensors (ENV-313M, Med Associates) in two holes located on
one side of the chamber 1.0 cm above the floor, cue- and hole-lamps located,
respectively, above and in each hole, and a red house light located on the top
of the chamber opposite the holes. Nose-poking responses in one hole (the
active hole) activated an infusion pump (PHM-100, Med Associates) and led to
the inactivation of METH-associated cues (cue- and hole-lamps). Nose-poking
responses in the other hole (the inactive hole) had no programmed consequences
but were recorded by the software MED-PC for Windows. The components of
the infusion line were connected to each other from the injector to the exit port
of the mouse’s catheter by joint FEP tubing (inner diameter, 0.25 mm; outer
diameter, 0.55 mm; Eicom Co., Ltd., Japan), which was encased in steel spring
leashes (Instech, Plymouth Meeting, PA, USA). Swivels were suspended above
the operant conditioning chamber. One pump/syringe set was used for each
self-administration chamber located inside of the cubicle.

2.3. Nose-poking training under food-deprived conditions

Nose-poking training was conducted in the standard operant chamber men-
tioned above. Mice were deprived of food for at least 12h and then trained to
make nose-poking responses to food pellet (dustless precision pellets 20 mg, A
Holton Industries Co., Frenchtown, NJ, USA) reinforcement under a fixed ratio
1 (FR1) schedule for 2-8 h. After the nose-poking response training, mice were
returned to home cages for at least 24 h before surgery.

2.4. Catheter implantation

At least 24 h following the nose-poking training, mice were anesthetized
with pentobarbital sodium (50mg/kg, i.p.). Indwelling catheters were con-
structed using a micro-silicone tube (inner diameter, 0.50 mm; outer diameter,
0.7 mm; IMG, Imamura Co., Ltd., Japan) and a polyethylene tube (inner diam-
eter, 0.50 mm; outer diameter, 0.8 mm). Incisions were made on the skin of the
head and ventral neck, and the right jugular vein was externalized. The end of the
catheter was inserted into the jugular vein via a small incision and was secured
to the vein and surrounding tissue with silk sutures. The exit port of the catheter
passed subcutaneously to the top of the skull where it was attached to a modified
24-gauge cannula, which was secured to the mouse’s skull with quick seif-
curing acrylic resin (Shofu Inc., Japan). To extend their patency, the catheters
were flushed immediately after surgery, and in the morning and evening of the
days that followed, with 0.03 ml of an antibiotic solution of cefmetazole sodium
(20.0 mg/ml; Sankyo Co., Ltd., Japan) dissolved in heparinized saline (70 U/ml;
Leo Pharmaceutical Products, Ltd., Japan). Patency was usually confirmed by
taking blood back from the catheter. The intravenous injection of 0.15 ml of
pentobarbital sodium solution was also used for such a purpose in a few cases
(e.g. responses of mice were much different from the previous session in the
same phase).

2.5. Saline or METH self-administration

After recovery from surgery, saline or METH self-administration was con-
ducted for 10 consecutive daily 3-h sessions during the light cycle under an FR1
(day 1-4) to FR2 (day 5-10) schedule of saline or METH reinforcement. METH
was self-administered at a dose of 0.1 mg/kg/infusion over 5 s (infusion volume,
2.1 wl)for the METH self-administration group of mice (n = 50). Saline was self-
administered at 2.1 pl/infusion over 5 for the saline self-administration group
of mice (n=>5). The house light was illuminated throughout the session. Nose-
poking responses in the active hole resulted in a 5-s simultaneous activation of
the infusion pump and inactivation of cue- and hole-lamps. During the remaining
timeout period, responses in the active hole had no consequences. Throughout
the session, responses in the inactive hole had no programmed consequences
but were recorded by the software MED-PC for Windows. In order to facilitate
METH self-administration, food was not available in the chambers during the
daily sessions. METH self-administration was continued until the deviations
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were less than 15% of the mean of active responses on 3 consecutive training
days. At the end of the METH self-administration training phase, 32 mice of the
METH self-administration group demonstrated a clear ability to discriminate
active from inactive responses and then were subjected to extinction training.
The other 18 mice were excluded from the analysis of METH self-administration
data since the mice could not acquire stable METH self-administration because
of a failure of catheter patency.

2.6. Extinction training

The extinction training conditions were the same for all groups of mice
(n=32) in both cue-induced and drug-primed reinstatement of METH-seeking
behavior. During the extinction phase, the syringe was removed from the infusion
pump and METH was unavailable. The cue- and hole-lamps were not presented
during these sessions. Accordingly, the nose-poking responses in the previous
active hole were disassociated from METH infusion. The house light was on
throughout extinction sessions. Nose-poking responses in the previous active
hole were included in the number of active responses. Nose-poking responses
in the previous inactive hole were included in the number of inactive responses.
Extinction sessions were conducted daily (610 days) until the criterion was
met (less than 25 active responses or 30% of active responses in the stable
self-administration phase on 2 consecutive days). Accordingly, the mice could
not discriminate the active from inactive nose-poking responses when the cri-
teria were achieved in the late phase of extinction training. Two mice could
not meet the extinction criterion and were excluded from all the data in this
study.

2.7. Cue-induced reinstatement testing

Tests for cue-induced reinstatement were conducted under the conditions
used in the extinction sessions but with METH-paired cue- and hole-lamps.
Following the last extinction session, mice (n=16) were separated into two
groups. One group of mice (no relapse (No-RLP) group, n=8) was sub-
jected to an additional 3-h extinction session (without METH and METH-
paired cue- and hole-lamps), whereas the other group of mice (cue-induced
relapse (Cue-RLP) group, n=8) was subjected to a 3-h cue-induced reinstate-
ment testing session. During the cue-induced reinstatement session, cue- and
hole-lamps were on, which indicated the availability of METH during the
self-administration phase. However, METH was unavailable after mice made
active nose-poking responses under the same schedule of reinforcement as that
in the self-administration phase. Nose-poking responses in previously active
holes and inactive holes were recorded by the software MED-PC for Windows,
respectively. Throughout the cue-induced reinstatement session, the house light
was on.

2.8. METH-primed reinstatement testing

Following the last extinction session, mice (n=14) were separated into
three groups. Two groups of mice (n=4 for each group) were subjected to
i.p. METH-primed reinstatement testing at doses of 0.5 mg/kg and 1.0 mg/kg
METH. Another group of mice (n = 6) was subjected to both i.v. METH injection
(0.2 mg/kg) and self-injected METH (0.5 mg/kg) primed reinstatement testing.
For i.p. METH-primed reinstatement testing, mice were placed into the oper-
ant chamber and subjected to a 3-h test session immediately after 0.5 mg/kg or
1.0 mg/kg of METH was administered intraperitoneally. During the test session,
conditions in the test chamber were the same as those in extinction sessions. For
reinstatement induced by both i.v. injection of METH and self-injected METH
primed reinstatement, mice were first administered 0.2 mg/kg of METH intra-
venously via the catheter, then immediately placed into the operant conditioning
chamber for METH self-administration in the absence of cue- and hole-lamps
(house light was on) until they self-administered 0.5 mg/kg of METH (total
METH intake, including passive and active intake, 0.7 mg/kg) within 1 h. Sub-
sequently, mice were subjected to a 3-h test session, in which the drug-primed
reinstatement of METH-seeking behavior was controlled by the computer pro-
gram used in the extinction phase in the absence of both METH infusion and
predictive cue- and hole-lamps but with the house light on throughout the test
session.

2.9. Data analysis

Alldata were expressed as the mean & S.E. For statistical analyses, arepeated
two-way measure of variance (ANOVA) was performed for the nose-poking
responses during the self-administration and the subsequent extinction train-
ing phase, followed post hoc by the Bonferroni/Dunn test. The other data in
our study were examined with the one-way ANOVA, followed post hoc by the
Bonferroni/Dunn test. In all cases, a significant difference was set at £ <0.05.

3. Results

3.1. Saline or METH self-administration and extinction
training

After the same number of sessions of self-administration
under an FR1/FR2 schedule of reinforcement (FR1 on day 1-4
and FR2 on day 5-10), mice in the saline group (Fig. 1A) could
not discriminate active from inactive nose-poking responses.
By contrast, mice in the METH self-administration group
could gradually discriminate active from inactive nose-poking
responses (Fig. 1B, a repeated measure two-way ANOVA,
F(2,599)=222.35, P<0.001), suggesting that the increase in
active nose-poking responses in the METH self-administration
group of mice depended on the METH reinforcement. Then,
mice exhibited stable active nose-poking response rates dur-
ing the late phase of METH self-administration with a within-
subject variability of less than 15% in daily active nose-poking
responses for at least 3 consecutive days. The mean number
of active nose-poking responses to METH reinforcement dur-
ing the stable phases of self-administration was 58.7 2.9 in a
daily 3-h session. The average amount of METH taken by mice
of the METH self-administration group (n=230) during a daily
3-h session was 1.89 £0.12 mg/kg.

Following the stable responses to METH self-administration,
the mice were then subjected to daily 3-h sessions of extinction
training. The data in Fig. 1C demonstrate the operant condi-
tioning behavior in the first 2 days and the last 4 days during
the extinction training phase. The subsequent daily 3-h sessions
of extinction training resulted in a gradual decrease in active
nose-poking responses. After 6-10 daily 3-h sessions of extinc-
tion training, almost all the mice met the extinction criterion
(less than 25 active responses or 30% of active responses in
the stable self-administration phase during a daily 3-h session
on 2 consecutive days). The data for two mice obtained during
the self-administration, extinction and reinstatement phases
were excluded since the mice could not meet the extinction
criterion after 10 sessions of extinction training. On the last
day of the extinction phase, the average number of active
nose-poking responses (16.1 =+ 3.2) was significantly small as
compared with that (80.4 & 4.9) on the first day of the extinction
phase (Fig. 1C, a one-way ANOVA, followed post hoc by
the Bonferroni/Dunn test, P<0.001) and that (59.4 4= 3.0) on
the last day of self-administration (Fig. 1B and C, a one-way
ANOVA, followed post hoc by the Bonferroni/Dunn test,
P <0.001). During the last two sessions of the extinction, the
mice could not discriminate the active (e.g. 16.143.0 for the
last session) from the inactive (13.8 +5.6 for the last session)
nose-poking responses, whereas the mice could discriminate the
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Fig. 1. Nose-poking responses during saline self-administration in the saline group (n=5), and METH self-administration and the extinction training phase in the
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vs. active nose-poking responses on the first day of extinction training (a one-way ANOVA, followed post hoc by the Bonferroni/Dunn test).

active (80.4 £ 4.9) from the inactive (30.6 & 4.5) nose-poking
responses in the first session of extinction training. These data
suggested that the METH-paired active nose-poking responses
were extinguished after 6-10 sessions of extinction training.

3.2. Cue-induced reinstatement of METH-seeking behavior

After meeting the extinction criterion, mice (n = 16) were sep-
arated into two groups. The No-RLP group of mice (n=8) were
subjected to an additional 3-h session of extinction training on
the following day. As shown in Fig. 2, the mice in this group
showed similar nose-poking responses to those in the last day

90.01

80.0f SA

{1 No-RLP
Bl CueRLP

70.0

60.0

-
3

Yo%

&
%%
%%

50.0

TS
X
ot %

<2
X

40.01

8
%a%%

R
S
S

30.0¢

R
S
RS

RS
000
%%

X
bole!
5

ata %0 %00 %

20.0

%)

Nose-poking responses/3 hours

1001

R
o,

£
o,

Inactive

Seled 5
s
RS :

Active

IS

0.0% "
Timeout

Fig. 2. Nose-poking responses in all groups of mice during METH self-
administration (SA, n= 16), in the control group of mice (No-RLP, without cue-
and hole-lamps and METH infusion, n = 8) and in the cue-induced reinstatement
group (Cue-RLP, n=8), Data are presented as the mean & S.E. " P <0.001 vs.
active nose-poking in the No-RLP group. ¥# P <0.001 vs. inactive nose-poking
responses in the Cue-RLP group. Statistical analysis was conducted with a one-
way ANOVA, followed post hoc by the Bonferroni/Dunn test. RLP: relapse.

of the extinction training phase, which were significantly lower
than those in the last day of the METH self-administration phase
(a one-way ANOVA followed post hoc by the Bonferroni/Dunn
test, P <0.001). On the following day, after exposure to both cue-
and hole-lamps as in the METH self-administration phase, the
Cue-RLP group of mice (n = 8) made a significantly larger num-
ber of active nose-poking responses (a one-way ANOVA, fol-
lowed post hoc by the Bonferroni/Dunn test, P <0.001) than the
No-RLP group of mice although METH was not delivered. How-
ever, there was no difference in inactive nose-poking responses
between the Cue-RLP and the No-RLP group, suggesting that
contingent cues could reliably reinstate METH-seeking behav-
ior in the Cue-RLP group of mice. During the reinstatement
period, the Cue-RLP group of mice could also discriminate the
active responses, previously associated with METH infusion,
from the inactive nose-poking responses (a one-way ANOVA,
followed post hoc by the Bonferroni/Dunn test, P <0.001).

3.3. METH-primed reinstatement of drug-seeking behavior

After meeting the extinction criterion, mice (n=14) were
separated into three groups. Two groups of mice (n=4 for
each group) were subjected to an additional 3-h session of i.p.
priming-induced reinstatement testing immediately after the 1.p.
priming injection of METH (0.5 mg/kg or 1.0 mg/kg) on the fol-
lowing day. Compared with active nose-poking responses on
the last day of the extinction training phase (extinction group,
n=14), two i.p. priming groups of mice (Fig. 3) failed to show
reinstatement of METH-paired active nose-poking responses,
respectively, at 0.5 mg/kg or 1.0 mg/kg of METH. Another group
of mice (n=6), on the following day, were firstly administered
0.2 mg/kg of METH via the catheter, then immediately placed
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Fig. 3. Nose-poking responses in all groups of mice during METH self-
administration (SA, n=14), on the last day of extinction training (extinction
group, n=14) and in different subgroups during the METH-primed reinstate-
ment test. Data are presented as the mean == S.E. *™P <0.001 vs. active nose-
poking responses in the last session of extinction. P <0.001 vs. inactive
nose-poking responses during the METH-primed reinstatement test. Statisti-
cal analysis was conducted with a one-way ANOVA, followed post hoc by the
Bonferroni/Dunn test.

into the chamber for self-administration (without METH-paired
cue- and hole-lamps) until 0.5 mg/kg of METH was earned
within 1 h. Subsequently, the reinstatement was measured in the
mice for an additional 3-h session, in which METH was unavail-
able and without METH-paired cue- and hole-lamps. The mice
in this group demonstrated more active nose-poking responses
(Fig. 3, a one-way ANOVA followed post hoc by the Bonfer-
roni/Dunn test, P <0.001) compared with active nose-poking
responses on the last day of the extinction training phase (extinc-
tion group). The mice could also discriminate active from inac-
tive nose-poking responses during reinstatement testing (Fig. 3,
a one-way ANOVA followed post hoc by the Bonferroni/Dunn
test, £ <0.001).

4. Discussion

A new procedure for reinstating extinguished METH-seeking
behavior in mice was established in the present study. Two
groups of researchers have already reported similar procedures
using cocaine in mice [20,26]. However, no further investiga-
tion based on their reinstatement procedures has been published
to date. Compared with the previous procedures, the present
procedure has the following advantages. First, a nose-poking
response task was introduced instead of the more difficult lever-
pressing response task. Lever-pressing is hard by mice, since
the task is complicated for them and their muscle is not strong
enough to press the lever in relation to reinforcement. Body
weight of mice for experiments (8-week-old) usually is 20-30 g.
Therefore, it seems to take longer time for mice to acquire
lever-pressing responses. On the contrary, nose-poking task is
very easy for mice, since the mice have an inherent ability to
do nose-poking responses. The introduction of the nose-poking
task might be useful to facilitate the acquisition of METH self-
administration. Second, instead of a single fixed ratio 1 (FR1)

schedule of cocaine self-administration, an FR1/FR2 sched-
ule of METH reinforcement was taken into the late phase of
self-administration. Thus, it seemed to be easier for researchers
to examine whether the mice depended on METH-taking dur-
ing self-administration and whether METH-paired active nose-
poking responses were extinguished after extinction training.
Mice would exhibit many more active than inactive nose-poking
responses if they had already depended on METH-taking. In
contrast, mice would emit similar numbers of active and inactive
nose-poking responses if they have already been extinguished
of METH-seeking behavior. Third, the present reinstatement
procedure under an FR1/FR2 schedule seemed to be useful to
shorten the duration (6-10 days in our study) of the extinction
training phase. In the present experiment, only two mice were
excluded since they could not meet the extinction criterion (less
than 25 active responses or 30% of active responses at the stable
self-administration phase during a daily 3-h session on 2 consec-
utive days) after 10 sessions of extinction training. In contrast,
Fuchs et al. have shown that mice are considerably resistant to
extinction (18.3 £ 2.7 days) to reach a similar criterion (less than
25 active responses in a 2-h test session), although it could not be
excluded that the different extinction duration between cocaine-
conditioned lever-press responses and METH-conditioned nose-
poking responses in mice results from different mechanisms
between cocaine- and METH-conditioning effects. Together, the
present procedure for the METH self-administration, extinc-
tion and cue-induced reinstatement is a feasible, even useful,
mouse model of drug-seeking behavior with which to identify
target genes involved in the relapse of drug dependence, since
there is only one limitation for developing intravenous self-
administration and the subsequent reinstatement of drug seeking
in mice, which is the relatively short duration of jugular catheter
patency. However, it remained unclear in the present study
whether the new reinstatement procedure could be extended to
other drugs of abuse such as nicotine or other inbred strains of
mice such as 129 x 1/SvJ mice.

Consistent with previous studies using cocaine in
129 x 1/8v] and C57BL/6 mice [20,26], exposure to METH-
paired cues, in the present study, reliably triggered a relapse of
extinguished METH-seeking behavior in C57BL/6J mice, and
an 1.p. priming injection of METH at the doses examined in this
study failed to reinstate drug-seeking behavior in C57BL/6J
mice although similar doses of i.p. METH priming reliably
provoked the reinstatement of extinguished METH-seeking
behavior in rats [1]. These findings suggested that the reinstate-
ment procedure in determining extinguished cocaine-seeking
behavior in C57BL/6J and 129 x 1/Sv] mice could be extended
to other drugs of abuse such as METH in the present study.
However, failure of the i.p. priming injection of cocaine to
reinstate drug-seeking behavior has been demonstrated once
again in the present study by using METH in C57BL/6J mice.
Although it was postulated that C57BL/6J would demonstrate
similar or lower sensitivity to the priming effect of cocaine than
129 x v1/Sv] mice [26], Fuchs et al. demonstrated clearly that
wide range of cocaine doses (140 mg/kg, i.p.) did not reinstate
cocaine-seeking behavior in C57BL/6 mice whereas Highfield
et al. showed that 6 mg/kg of i.v. cocaine priming modestly rein-



142 Y. Yan et al. / Behavioural Brain Research 168 (2006) 137-143

stated cocaine-seeking behavior in 129 x 1/Sv} mice. Together
with previous studies in rats, these findings indicate at least two
possibilities. First, mice may be much more sensitive than rats
to differences in the subjective effects of i.v. versus i.p. cocaine
during self-administration training and reinstatement testing,
thus leading to a failure of i.p. cocaine primed reinstatement
in mice. Second, the reinstatement procedure itself (e.g. the
short duration of extinction training, and the same day for the
extinction training and the following reinstatement testing in the
report from Highfield et al.) may play an important role in drug-
primed reinstatement of extinguished drug-seeking behavior in
mice. In our pilot studies, however, an i.v. primed injection of
METH (0.2 mg/kg or 0.8 mg/kg) via the catheter also failed to
reinstate METH-seeking behavior (data not showed). Therefore,
we further tried to develop new procedure for METH-primed
reinstatement by using a combination of i.v. injection and self-
injected METH under the same self-administration, extinction
schedule as METH-paired cue-induced reinstatement test.
Such a combination successfully increased the reinstatement
of METH-seeking behavior. Some may make the following
points regarding this combination-primed reinstatement pro-
cedure. First, such a combination of priming could not exactly
distinguish the reinstatement induced by passive METH-
priming (i.p. priming injection) from that induced by active
METH-priming (self-injection of METH). Second, the METH
primed reinstatement might reflect an acute extinction behavior
immediately after the cessation of the 1-h METH self-injection
experience. Third, such METH-primed reinstaternent might just
demonstrate re-self-administration behavior after 6-10 sessions
of extinction training. However, any possibility mentioned
above, to some extent, might reflect relapse behavior in humans
[17,29,42,43,45]. In some sense, such a combination-primed
reinstatement procedure may be one way to investigate specific
gene functions in drug-primed relapse until a more optimal
drug-primed reinstatement procedure is established in mice.

In conclusion, the present findings suggested that the cue-
induced and drug-primed reinstatement of extinguished METH-
seeking behavior in the new procedure was a feasible way to
identify genes involved in the relapse of drug-seeking behav-
jor in genetically modified mouse strains and the mechanism
of action of drugs of abuse. The introduction of a natural
nose-poking response system and an FR1/FR2 schedule of rein-
forcement might shorten the duration of self-administration and
extinction training phase, thus ameliorating the effectiveness of
the procedure to reinstate extinguished drug-seeking behavior
in mice. However, a more practical way to achieve drug-primed
reinstatement in mice remains to be established.
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