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Abstract Glial cell line-derived neurotrophic factor (GDNF)
is a potent neurotrophic factor for midbrain dopamine (DA)
neurons, while the DA neurons in the ventral tegmental area
(VTA) is a crucial part of the neural circuits associated with
drug addiction. Recently, more and more evidence suggests
that GDNF plays an important role in negatively regulating the
neuroadaptations induced by chronic exposure to drugs, which
was thought to be the neurobiological basis of drug addiction,
but the underlying mechanism is still unknown. More recently,
the neural cell adhesion molecule (NCAM), which plays an
important role in the process of neural plasticity, has been
identified as an alternative signaling receptor for GDNF. The
purpose of this study was to investigate whether NCAM was
involved in the effects of GDNF on the neuroadaptations
induced by chronic morphine exposure. Immunostaining re-
sults showed that NCAM was widely expressed in the VTA of
rats, including all the DA neurons. The results also showed that
the phosphorylation of NCAM-associated FAK, but not the
total NCAM, was upregulated by GDNF, and this upregulation
was inhibited by pre-treatment with the NCAM function-
blocking antibody. Moreover, pre-treatment with the antibody
could antagonize the effect of GDNF on inhibiting the
neuroadaptations induced by chronic morphine exposure, in-
cluding the decreases of the number and length of neurites and
the size of cell bodies of VTA dopamine neurons, as well as the
increase of tyrosine hydroxylase in the VTA dopamine neu-
rons. These results suggest that NCAM signaling is involved in
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the negative regulatory effects of GDNF on chronic morphine-
induced neuroadaptations.
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Introduction

Drug addiction is a chronic relapsing disease of the brain,
which is characterized by compulsive drug use in spite of
adverse consequences (Ghitza et al. 2010). Despite decades
of research, the availability of treatment for drug addiction is
still extremely limited in clinical practice. Results from many
animal experiments indicate that neuronal activity in
mesocorticolimbic dopamine (DA) system underlies drug re-
ward (Pierce and Kumaresan 2006) and relapse (Kalivas and
McFarland 2003). This dopamine system, which consists of
DA neurons in the ventral tegmental area (VTA) of the mid-
brain and their projections to the nucleus accumbens and other
limbic regions in the forebrain, is a major substrate for moti-
vated behavior and responses to natural reinforcers (Di Chiara
and North 1992; Kelley and Berridge 2002). A current influ-
ential hypothesis is that the formation of drug addiction is due
to drug-induced neuroadaptations in the mesocorticolimbic
DA system and glutamatergic corticolimbic circuitry in which
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the DA projections are embedded (Kalivas and O'Brien 2008;
Kalivas and Volkow 2005; Maldonado 2003). This drug-
induced neuroadaptation hypothesis opens the door for work
on the role of neurotrophic factors which have been implicated
in many forms of plasticity within the adult nervous system
(Alzoubi et al. 2013; Gong et al. 2009; Smith-Swintosky et al.
2005) in the formation of drug addiction. Among many neu-
rotrophic factors, glial cell line-derived neurotrophic factor
(GDNF) became the focus of research for its more potent
and specific nutritional effect on midbrain DA neurons than
any other neurotrophins (Lin et al. 1993), while the DA
neurons in the VTA of the midbrain is a critical part of the
neural circuits associated with drug addiction. More recently,
accumulating experimental results suggest that GDNF
plays an important role in negatively regulating the
neuroadaptations induced by long-term exposure to drugs,
which was thought to be the neurobiological basis of the
formation of drug addiction. Nevertheless, the underlying
mechanism remains obscure.

GDNF is a secreted protein, which is essential for the
maintenance and survival of adult DA neurons (Pascual
et al. 2008). As a soluble extracellular substance, GDNF
exerts its effects on DA neurons via a receptor complex
formed by a ligand-binding subunit termed GDNF family
receptor-alphal (GFRal) and a signal-transducing subunit
termed RET receptor tyrosine kinase (Durbec et al. 1996;
Treanor et al. 1996). Recently, the neural cell adhesion
molecule-140 (NCAM-140) has been identified as an alterna-
tive signaling receptor for GDNF (Paratcha et al. 2003).

NCAM, a prominent cell adhesion molecule expressed on
the surface of most neural cells, has been shown to participate
in many developmental and plastic processes of the nervous
system (Cox et al. 2009; Markram et al. 2007). Given that the
ability of drugs of abuse to cause addiction can be viewed as a
form of neural plasticity, we speculated that NCAM might be
involved in some way in the formation of drug addiction. In
fact, several recent studies support this speculation. For ex-
ample, low prefrontal polysialylated NCAM has been dem-
onstrated to confer risk for alcoholism-related behavior
(Barker et al. 2012). In addition, another recent research has
indicated that cocaine administration may modify constitutive
synaptic plasticity in the medial prefrontal cortex (mPFC) by
increasing the NCAM polysialylation in the mPFC of rats
(Mackowiak et al. 2011). Based on the cited findings and
the fact that NCAM could influence developmental events
through both its adhesive as well as its signaling properties
(Maness et al. 1996; Saffell et al. 1995), we postulate in the
present study that GDNF may regulate negatively the
neuroadaptations induced by chronic morphine exposure via
altering the expression of NCAM or its signaling level. Our
results showed that the phosphorylation of NCAM-associated
focal adhesion kinase (FAK), but not the total NCAM levels,
was upregulated with GDNF treatment, and this upregulation

was inhibited by pre-treatment with the NCAM function-
blocking antibody. Moreover, pre-treatment with the antibody,
which decreased the phosphorylation of NCAM-associated
FAK, but had no influence on the expression of NCAM, could
abolish the effect of GDNF on inhibiting the neuroadaptations
induced by chronic morphine exposure. These results suggest
that NCAM signaling mediates the negative regulatory effects
of GDNF on chronic morphine-induced neuroadaptations.

Materials and Methods
Animals

Adult male Sprague-Dawley rats (200-250 g) and neonatal
Sprague-Dawley rats used in the present study were provided
by the Experimental Animal Center of Xuzhou Medical
College, Jiangsu. The adult animals were housed in a
temperature- and humidity-controlled animal room with a
12/12-h light/dark cycle and food and water ad libitum. All
animal procedures in this report were conducted in accordance
with the Declaration of the National Institutes of Health Guide
for Care and Use of Laboratory Animals.

Chronic Morphine Treatment

Adult rats were allowed to acclimatize to their environment
for a week prior to drug administration. Then, they were
injected subcutaneously with morphine hydrochloride (bid,
for 5 days). The dose for each injection was 10 mg/kg on
day 1 and increased by 10 mg/kg each day. An equal volume
of saline (0.9 % NaCl) was injected subcutaneously in the
control group. The rats receiving chronic morphine treatment
were divided into three groups: morphine 1d, 3d, and 5d
group, which were injected subcutaneously with morphine
hydrochloride for 1, 3, and 5 days, respectively. Animals were
sacrificed 12 h after the last injection.

Primary neuron culture was established from the VTA
tissues of neonatal rats. At DIV 5, cultures were treated with
morphine hydrochloride at a concentration of 10 uM for 5
days. This period of time and the concentration of morphine
were considered as chronic morphine administration that
might be suitable for studying drug dependence at the molec-
ular level (Suder et al. 2003; Vlaskovska et al. 1999).

VTA Neuron Culture

Primary neuron culture was established from the VTA of
neonatal (postnatal day 0) rats according to Inoue et al.
(2007), with some modifications. Briefly, newborn Sprague—
Dawley rat pups were decapitated, and their brains were
removed from the skull and placed in ice-cold Dulbecco’s
modified Eagle’s medium (DMEM)-F12 medium (Gibco).
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Coronal brain slices containing the VTA were made, and then
the VTA tissues were dissected with tweezers and minced into
small pieces. Tissues were enzymatically dissociated for
15 min at 37 °C with 0.25 % trypsin and 0.02 % EDTA
solution; single-cell suspensions were made by gentle tritura-
tion through edge-narrowed Pasteur pipettes. After centrifu-
gation, cell pellets were resuspended in the culture medium
(DMEM/F12 1:1, containing 10 % fetal bovine serum and
4 mmol/l glutamine) and passed through a 200-mesh sieve.
The cells were plated at a density of 1x10° cells/ml onto 24-
well plates which contained poly-L-lysine-coated glass cover-
slips and plated at a density of 1x10° cells/ml onto 25-cm?
culture flasks pre-coated with poly-L-lysine. Cultures were
incubated in a humidified 5 % CO,/95 % air atmosphere at
37 °C. After 24 h in vitro (1 DIV), the medium was replaced
with Neurobasal™ medium (Gibco) containing 2 % B27
supplement (Gibco) and 4 mmol/l glutamine. Half of the
medium was changed every 2 days. Neuronal cultures were
used for experiments at DIV 5.

GDNF and NCAM Antibody Treatment

In order to explore the GDNF/NCAM interaction in vitro, at
DIV 5, GDNF (Sigma, St. Louis, MO, USA) and NCAM
antibody (Chemicon International, Inc., CA, USA) were ad-
ministered for five consecutive days to the neuronal cultures
which were exposed to morphine. It was reported that the
NCAM Ab could block functionally the extacelluar domain of
NCAM (Chao et al. 2003; Paratcha et al. 2003). Cultures were
divided into five groups: PBS group, which was treated with
PBS; morphine group, which was treated with morphine
(10 umol/L); morphine + GDNF group, which was treated
with morphine (10 pmol/L) and GDNF (100 ng/ml); mor-
phine + GDNF+NCAM Ab group, which was treated with
morphine (10 pmol/L) and NCAM Ab (5 pg/ml), with GDNF
(100 ng/ml) then added to the cultures at 30 min later; and
morphine + NCAM Ab group, which was treated with mor-
phine (10 umol/L) and NCAM AD (5 pg/ml). Subsequently,
every 2 days, half of the medium was replaced and treated as
described earlier until immunostaining or Western blotting
was carried out.

Immunostaining

Rats were perfused through the ascending aorta with 200 ml of
normal saline followed by 200 ml of 0.1 M phosphate buffer
(PB, pH 7.4) containing 4 % paraformaldehyde under deep
anesthesia with 10 % chloral hydrate (400 mg/kg, i.p.). After
the perfusion, the brainstem was removed immediately, post-
fixed overnight, and then cryoprotected for 2448 h at4 °C in
0.1 M PB containing 30 % sucrose. Frozen coronal sections
(35 wm in thickness) were cut in a cryostat and collected
the level of VTA in 0.01 M phosphate-buffered saline
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(PBS, pH 7.4). Sections were rinsed in 0.01 M PBS (pH 7.4)
for three times (10 min each), blocked with 10 % donkey
serum in 0.01 M PBS containing 0.3 % Triton X-100 for 2 h at
room temperature (RT), and then used for immunofluorescent
staining. The sections were incubated overnight at 4 °C with
the primary antibodies: mouse anti-tyrosine hydroxylase (TH)
(1:300; Millipore) mixed with rabbit anti-NCAM (1:100;
Abcam). After that, the sections were washed for three times
in 0.01 M PBS (10 min each) and then incubated for 2 h at RT
with the corresponding secondary antibody: FITC-conjugated
donkey anti-mouse IgG (1:200; Abcam) and TRITC-
conjugated donkey anti-rabbit I1gG (1:200; Abcam). Images
were obtained using a confocal laser microscope (FV1000;
Olympus, Tokyo, Japan), and digital images were captured
with Fluoview 1000 (Olympus).

At DIV 10, the primary cultures were fixed with 4 %
paraformaldehyde for 20 min at RT. After three washes with
PBS, the cells were permeabilized with 0.01 M PBS contain-
ing 0.3 % Triton X-100 for 20 min and then blocked with
10 % donkey serum in PBS for 30 min. Other procedures were
the same as those described earlier.

Western Blotting and Co-immunoprecipitation

To detect the expression level of NCAM in the VTA in vivo
and in vitro, bilateral VTA tissues of rats were punched out on
ice and then mechanically lysed in RIPA Lysis Buffer
(Beyotime Institute of Biotechnology) containing 50 mM
Tris (pH 7.4), 150 mM NaCl, 1 % Triton X-100, 1 % sodium
deoxycholate, 0.1 % SDS, sodium orthovanadate, and 1 mM
phenylmethylsulfonyl fluoride. The tissues were homoge-
nized for 30 s and then centrifuged at 12,000x g for 15 min
at 4 °C. After centrifugation, the supernatants were retained
and stored at =80 °C and were thawed once. The cultured
VTA cells were washed with ice-cold PBS for three times.
After lysing in ice-cold RIPA Lysis Buffer for 10 min,
cell proteins were harvested with a cell scraper and
stored at —80 °C. The concentration of proteins was deter-
mined by the bicinchoninic acid protein assay. Equal amounts
of sample extract (60 pg) were subjected to 8 % SDS-PAGE
gels and then transferred to a PVDF membrane by semi-dry
transfer method. The membrane was blocked with 3 % bovine
serum albumin for 2 h at RT and then incubated overnight at
4 °C with rabbit anti-NCAM antibody (1:500, Santa Cruz).
After the membrane was washed 5 min for three times in wash
buffer, it was incubated in the appropriate alkali phosphatase-
conjugated goat anti-rabbit IgG (1:1,000, ZSGB-BIO) for 2 h
at room temperature. Then, the protein band was visualized by
the BCIP/NBT Alkaline Phosphatase Color Development Kit.
Developed films were digitized using an Epson Perfection
2480 scanner (Seiko Corp., Nagano, Japan). Optical densities
of detected proteins were obtained using Image J. For the
standardization of the total protein content in each lane,
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membrane was incubated with a mouse primary antibody
against 3-actin (1:1,000; ZSGB-BIO). Other procedures were
the same as described previously. In addition, to detect the
expression level of TH in vitro, western blotting of TH was
carried out similarly.

To detect the phosphorylation level of FAK associated with
NCAM, the tissue proteins and cell proteins of VTA were
obtained as described earlier. After that, 400 ul of IP buffer
(50 mM HEPES, 10 % glycerol, 150 mM NaCl, 1.5 mM
MgCl,, 1 mM ZnCl,, 1| mM EDTA, 1 mM EGTA, 50 mM
NaF, 20 mM NaPPi, 20 mM f3-phosphoglycerol, 1 mM PNPP,
1 mM Na3;VOy,, 0.5 % Nonidet P-40 (NP-40), 1 % Triton-
X100, benzamidine (100 pg/ml), phenylmethylsulfonyl fluo-
ride (5 ug/ml), pepstatin A (5 pg/ml), leupeptin (5 pg/ml),
aprotinin (5 pg/ml)) was added to the extracts containing
500 pg protein, and then the mixture was incubated with
rabbit anti-rat NCAM antibody (10 pl, Santa Cruz) for 6 h at
4 °C. Immune complex was collected by incubation (2 h,
4 °C) with protein A/G PLUS-Agarose (20 pl, Santa Cruz).
After an extensive wash with IP buffer, immunoprecipitated
proteins were dissolved in 8 % SDS-PAGE and analyzed by
Western blotting with phosphorylated FAK antibody (Tyr397,
1:1,000, Epitomics).

Measurement of the Size of Cell Bodies and Neurite
Outgrowth of DA Neuron

Effects of morphine, GDNF, and NCAM Ab on the size of cell
bodies and neurite outgrowth of DA neurons were measured
and quantified. All TH-positive neurons were included for
measurement. The average lengths of the maximum and the
minimum diameter of cell body per TH-positive neuron were
used as indices of the cell bodies’ size of DA neurons, and the
average number and lengths of neurites per TH-positive neu-
ron were used as indices of DA neurite outgrowth. A neurite
was defined as the neuronal process which extends directly
from the soma. The branches from such processes were also
included for quantification and values were added together.
When the length of a neurite was shorter than the diameter of
the soma of a given neurons, this neurite was not included for
quantification. The lengths of neurites and cell body’s diam-
eter per TH-positive neuron were measured by the Image-Pro
Plus v.6.0 software.

Statistical Analysis

Values were expressed as means+S.E.M. All statistical tests
were undertaken in SPSS v.16.0 software. Statistical differ-
ences among more than three groups were determined using a
one-way analysis of variance (ANOVA), followed by
Student-Newman—Keuls (SNK) test. The minimal level of
significance accepted was set at P<0.05 level.

Results
Co-expression of TH with NCAM in the VTA of Rats

NCAM has been shown to be involved in the formation of
drug addiction (Barker et al. 2012; Mackowiak et al. 2011),
while the VTA, especially the DA neurons, is an important
part of the neural circuits associated with drug addiction. It has
been shown that chronic morphine treatment significantly
decreases the size and caliber of dendrites and cell bodies of
VTA dopamine neurons, an effect not seen for the non-
dopaminergic neurons of the VTA (Sklair-Tavron et al.
1996). If NCAM is involved in the formation of drug addic-
tion, we predicted that NCAM might well be expressed in the
VTA, including the DA neurons. To examine this, we per-
formed immunofluorescent double-labeling in the VTA of
rats. Double-labeling studies revealed that NCAM was widely
expressed in the VTA of rats, including all tyrosine hydroxy-
lase (a marker of DA neurons)-positive neurons (Fig. 1),
supporting our hypothesis that NCAM might be involved in
the formation of morphine addiction.

Chronic Morphine Treatment Down-Regulated the NCAM
Signaling in the VTA In Vivo and In Vitro, but Not
the Expression of NCAM

NCAM is a prominent cell adhesion molecule in the nervous
system, where it has been shown to participate in a number of
developmental processes including cell migration, neurite
outgrowth, and synaptic plasticity. The ability of NCAM to
influence developmental events can result both from its adhe-
sive as well as its signaling properties (Saffell et al. 1995).
Alternative splicing of NCAM mRNA generates three major
protein isoforms as follows: transmembrane forms of 140 and
180 kDa, and a 120-kDa glycophosphatidylinositol-linked
isoform (Hinsby et al. 2004). The cytoplasmic domains
of the transmembrane isoforms may mediate interactions
with intracellular cytoskeletal and signaling molecules. It has
been demonstrated that the intracellular domain of NCAM
was associated with Fyn, a member of Src family tyrosine
kinases. Fyn becomes rapidly and transiently activated upon
NCAM ligation, leading to recruitment and activation of the
FAK, a nonreceptor tyrosine kinase known to participate in
cytoskeletal rearrangements, and FAK has been shown to co-
immunoprecipitate with Fyn and NCAM in COS and B35
cells upon NCAM stimulation (Beggs et al. 1997).
Accordingly, NCAM-mediated neurite outgrowth has been
reported to be abolished in PC12 cells that express a domi-
nantly negative FAK (Kolkova et al. 2000).

In the present study, it was investigated whether chronic
morphine treatment affected the expression of NCAM or the
phosphorylation of NCAM-associated FAK in the VTA
in vivo and in vitro. At 12 h after the last injection with
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Fig. 1 Co-expression of TH with
NCAM in the VTA of rats.
Shown is dual-channel
immunofluorescence for NCAM
(red), tyrosine hydroxylase
(green), and merged (yellow). a
Images of VTA area (scale bar
500 pm). b Enlarged images of
VTA area. The arrowheads point
to cells immunostained both for
NCAM and TH (scale bar 40 pm)

morphine or saline, bilateral VTA tissues of rats were punched
out, and the cultured VTA cells treated with morphine or PBS
were harvested at DIV 10; then, they were subjected to an
immunoblotting or co-immunoprecipitation assay. The results
in vivo and in vitro showed that the phosphorylated FAK in
NCAM immunoprecipitates decreased dramatically in a time-
dependent manner with morphine exposure, but the expres-
sion of NCAM has no significant change (Fig. 2), indicating
that the down-regulation of NCAM signaling might be in-
volved in the formation of morphine addiction.

GDNF Up-Regulated the NCAM Signaling in Cultured VTA
Cells but Had No Effect on the Expression of NCAM

The above results revealed that NCAM signaling might be
involved in the formation of morphine addiction. However,
these results do not tell whether NCAM signaling is in-
volved in the negative regulatory effects of GDNF on
morphine addiction.

In the present study, it was investigated whether GDNF
was able to regulate the expression of NCAM or the NCAM
signaling in cultured VTA cells. At DIV 10, cultures were
harvested and subjected to a western blotting and co-
immunoprecipitation assay. Statistical analysis revealed that
GDNF had no effect on the expression of NCAM but mark-
edly up-regulated the phosphorylation of NCAM-associated
FAK (Fig. 3). Moreover, pre-treatment with NCAM Ab
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abolished the up-regulation of phosphorylated FAK induced
by GDNF.

NCAM Signaling Mediated the Effect of GDNF
on the Morphine-Induced Morphological Changes of VTA
Dopamine Neurons

Although the above results demonstrated that GDNF signifi-
cantly up-regulated the NCAM signaling in cultured VTA
cells, we do not know whether this up-regulation of NCAM
signaling actually mediates the effects of GDNF on the
morphine-induced morphological changes of VTA dopamine
neurons, including the decreases of the number and length of
neurites and the size of cell bodies of DA neurons. The present
experiment was designed to address this issue. Function-
blocking anti-NCAM Ab was used. Immunofluorescence re-
sults showed that there was a visible decrease in the number
and length of neurites and the size of cell bodies of TH-
positive neurons treated with morphine (Fig. 4b), which was
consistent with the results of previous studies (Sklair-Tavron
et al. 1996), and this decrease was reversed by GDNF
(Fig. 4c). Additionally, NCAM Ab alone did not markedly
affect the size of cell bodies and neurite outgrowth of TH-
positive neurons (Fig. 4e), but it significantly antagonized the
effect of GDNF on this measure (Fig. 4d). The quantitative
results are shown in Fig. 4f~h. These results indicated that
NCAM signaling was involved in the effect of GDNF on the
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phosphorylation level of NCAM-
associated FAK in the VTA, but
not the expression of NCAM

in vivo and in vitro. a Quantitative
analysis for levels of NCAM and
NCAM-associated < R od
phosphorylated FAK (Tyr397) in
the VTA of rats after repeated
morphine or saline injection. b
Quantitative analysis for levels of
NCAM and NCAM-associated
phosphorylated FAK (Tyr397) in
primary cultured VTA cells with

Fig. 2 Chronic morphine a
N

treatment down-regulated the

N
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treatment. Statistical significance
was evaluated by ANOVA 0.0

followed by Student-Newman—
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phosphorylation of NCAM-
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morphological changes of VTA dopamine neurons induced by
chronic morphine.

NCAM Signaling Mediated the Effect of GDNF
on the Morphine-Induced Increase of TH in the VTA
Dopamine Neurons

To investigate whether NCAM signaling was also involved in
the effects of GDNF on the morphine-induced increase of TH
in the VTA dopamine neurons, NCAM Ab was used to
functionally block the extracellular domain of NCAM, and
western blotting of TH was carried out. The results showed
that chronic morphine increased dramatically the TH level,
and GDNF reversed this increase. Prior administration of
NCAM Ab partially but significantly antagonized the effect
of GDNF on TH level (Fig. 5), indicating that NCAM

signaling was involved in the effect of GDNF on the
morphine-induced increase of TH in the VTA dopamine
neurons.

Discussion

Addiction is a neuropsychiatric disorder for which effective
treatments remain inadequate for those who are afflicted by
the illness. More recently, a growing number of studies have
demonstrated that GDNF plays a unique role in negatively
regulating the drug- and alcohol-induced neural and behav-
ioral plasticity related to addiction (Carnicella and Ron 2009;
Ghitza et al. 2010). Although several mechanisms of GDNF in
regulating alcohol addiction have been described, such as
through reversing an alcohol-induced allostatic DA deficiency
in the mesolimbic system (Barak et al. 2011b), positive-
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Fig. 3 GDNF increased the phosphorylation of NCAM-associated FAK
in primary cultured cells derived from newborn (postnatal day 0) rat VTA
but had no effect on the expression of NCAM. Quantitative analysis for
levels of a NCAM and b NCAM-associated phosphorylated FAK
(Tyr397) in primary cultured cells derived from the VTA of newbom
(postnatal day 0) rats. Cultures were treated as described in “Materials and
Methods”. Cellular proteins were obtained at DIV 10 and then subjected
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Fig. 4 Effect of GDNF and NCAM Ab on the morphology of primary
cultured DA neurons derived from the VTA of newborn (postnatal day 0) rat.
a TH-positive neurons in the control group. b Chronic morphine exposure
markedly decreased the number and length of neurites and the size of cell
bodies of TH-positive neurons. ¢ Extensive neurite outgrowth and increased
cell bodies of TH-positive neuron treated with GDNF was shown when
compared with the morphine group (b). d NCAM Ab abolished the effect of
GDNF on the cell bodies’ size and neurite outgrowth of TH-positive neuron.
e NCAM Ab alone did not affect the cell bodies’ size and neurite outgrowth
of TH-positive neuron (scale bar40 um). Quantitative analysis of the size of
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to Western blotting and co-immunoprecipitate. The results showed that
GDNF had no effect on the expression of NCAM but increased dramat-
ically the phosphorylation of NCAM-associated FAK, and this effect
could be antagonized by NCAM Ab (*P<0.05 vs. PBS; *P<0.05 vs.
morphine; P<0.05 vs. morphine+GDNF). Data are presented as the
mean integrated density value of three separate experiments
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cell bodies of DA neurons was expressed as f the average lengths of the
maximum and the minimum diameter of cell body per TH-positive neuron,
and neurite outgrowth of DA neurons was expressed as g the average
number of neurites per TH-positive neuron and h the average length of
neurites per TH-positive neuron. Statistical significance was done by
ANOVA followed by the Student-Newman—Keuls test (*P<0.05 vs. PBS;
*P<0.05 vs. morphine; P<0.05 vs. morphine + GDNF). Cultures were
treated as described in “Materials and Methods™ and stained for TH at DIV
10. The number of cells ranged from 30 to 38 in each group. Experiments
were repeated in three independent batches of cultures
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Fig. 5 NCAM signaling was involved in the effect of GDNF on the
increased TH expression induced by chronic morphine treatment
in vitro. Cultures were treated as described in “Materials and Methods”,
and the level of TH protein in 60 pg of cytosol extract was determined by
Western blot analysis at DIV 10. Statistical analysis revealed that chronic
morphine increased dramatically the TH level, and GDNF reversed this
increase. NCAM Ab pre-treatment alone did not markedly affect the TH
level, but it significantly antagonized the effect of GDNF on TH level.
Data are presented as the mean integrated density value of three separate
experiments. Statistical significance difference was set at p<0.05 (*P<0.05
vs. PBS; *P<0.05 vs. morphine; P<0.05 vs. morphine + GDNF)

autoregulating its own mRNA and protein levels in an
autocrine manner (Barak et al. 2011a), and inhibiting the
interaction of TH with heat shock protein 90 (He and
Ron 2008), those underlying the effect of GDNF on drug
addiction remain unclear.

NCAM, which is considered as a mediator of cell—cell
adhesion, as well as a signaling receptor that responds to both
homophilic and heterophilic cues, has been demonstrated to
participate in a number of plastic processes including learning,
memory (Cremer et al. 1998), and cocaine and alcohol addic-
tion (Barker et al. 2012; Mackowiak et al. 2011). NCAM can
influence plastic processes through both its adhesive as well as
its signaling properties. Furthermore, Paratcha et al. (2003)
demonstrated that NCAM could function as a signaling re-
ceptor for GDNF. Based on the said evidence, we speculated
that GDNF might regulate negatively the drug-induced neural
and behavioral plasticity related to addiction via altering the
expression of NCAM or its signaling levels. In the present
study, immunostaining results showed that NCAM is widely
expressed in the VTA of rats, a brain region that is a critical
component of the neural circuitry related to drug addic-
tion. In addition, the results of Western blotting and co-
immunoprecipitation in vivo and in vitro showed that chronic
morphine treatment had no effect on the expression of
NCAM but down-regulated markedly the phosphorylation

of NCAM-associated FAK. These results suggested that
down-regulation of NCAM signaling in the VTA might be
involved in the formation of morphine addiction. Amazingly,
our results also showed that NCAM-associated phosphorylat-
ed FAK, but not the total NCAM, was up-regulated after
GDNF administration in vitro, supporting our speculation that
GDNF might regulate negatively the drug-induced neural and
behavioral plasticity related to addiction via altering the ex-
pression of NCAM or its signaling levels.

To further confirm whether NCAM signaling actually
mediates the effects of GDNF on morphine-induced
neuroadaptations, which was thought to underlie
morphine-induced behavioral plasticity (Nestler 2001;
Sklair-Tavron et al. 1996), the NCAM Ab was admin-
istrated prior to GDNF. The results showed that chronic
morphine exposure visibly decreased the number and
length of neurites and the size of cell bodies of DA
neurons in VTA cultures, which were consistent with
the findings of Sklair-Tavron et al. (1996). Furthermore,
our present study firstly showed that these morphine-
induced morphological changes of VTA dopamine neu-
rons could be prevented by GDNF. However, this effect
of GDNF was antagonized by NCAM Ab, suggesting
that NCAM signaling mediated the effect of GDNF on
the morphological changes of VTA dopamine neurons
induced by chronic morphine.

Another striking morphine-induced adaptation in the VTA
is the increase of TH, the rate-limiting enzyme in the biosyn-
thesis of dopamine. Our results revealed that GDNF could
prevent the morphine-induced increase of TH level in the
VTA cultures, which has been demonstrated by in vivo ex-
periment (Messer et al. 2000). Prior administration of NCAM
Ab did not affect TH level alone, partially, but significantly
antagonized the effect of GDNF on TH level, indicating that
NCAM signaling was involved in the effect of GDNF on the
morphine-induced increase of TH level in the VTA.

By virtue of all the above findings, we are entitled to
conclude that NCAM signaling mediates the effects of
GDNF on some of morphine-induced neuroadaptations, in-
cluding the morphological changes of DA neurons and the
increase of TH level in the VTA. Moreover, our results also
support a hypothesis that some of the morphine-induced
neuroadaptations in the VTA might be due to morphine per-
turbation of GDNF signaling pathway (Messer et al. 2000).
Together with the evidence that another neurotrophin, brain-
derived neurotrophic factor (BDNF), has the same effects on
the morphine-induced morphological changes of DA neurons
and the induction of TH in the VTA as GDNF (Berhow et al.
1996; Sklair-Tavron et al. 1996), we speculated that some of
the morphine-induced neuroadaptations in the VTA might be
achieved via morphine perturbation of GDNF and BDNF
shared signaling cascades. Correspondingly, it has been dem-
onstrated that chronic morphine administration increased the
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phosphorylation state and activity of extracellular signal reg-
ulated kinase (ERK), a major effector of GDNF and BDNF,
selectively in the VTA (Berhow et al. 1996), and direct evi-
dence has been obtained to implicate such regulation of ERK
in chronic morphine induction of TH in the VTA.
Interestingly, Nicole et al. (2001) demonstrated that the neu-
roprotective effect of GDNF was achieved via activating the
ERK pathway as well. These two conclusions appear to be
contradictory, and a similar phenomenon also occurs in BDNF
(Berhow et al. 1996). How to explain this so-called contradic-
tion? The results from Berhow et al. (1996) suggested that
chronic BDNF elicited a compensatory increase in the phos-
phorylation of the remaining ERK molecules and thereby
prevents any additional increase in response to morphine
exposure. This may also be the mechanism of action of
GDNF on morphine-induced neuroadaptations, although di-
rect evidence has not yet been put forward. Given this, in
combination with our results, one possible signaling
pathway of GDNF regulation of the morphine-induced
neuroadaptations in the VTA is the GDNF-NCAM-FAK-
ERK pathway, while additional work is clearly needed to
directly demonstrate it.

In conclusion, the present results suggested that NCAM
signaling was involved in the effects of GDNF on morphine-
induced neuroadaptations, including the morphological
changes of DA neurons and the increase of TH level in the
VTA in vitro. However, subsequent steps in this signaling
pathway have not been established; clearly, more work is
needed to determine the postreceptor signaling pathways by
which GDNF produces its physiological effects on morphine-
induced neuroadaptations. Moreover, it will be essential in
future studies to further confirm whether NCAM signaling
mediates the effects of GDNF on morphine-induced behav-
ioral plasticity. It should also be emphasized that activation of
NCAM signaling is likely just one of several mechanisms by
which GDNF regulate chronic morphine-induced
neuroadaptations in the VTA. As just one example, the
integrins, another kind of cell adhesion molecule, were also
shown to be involved in the effect of GDNF on DA neurons
(Chao et al. 2003). Nevertheless, the present results demon-
strated that NCAM signaling mediated the effects of GDNF
on some of morphine-induced neuroadaptations. Although
GDNF has been proven to be a possible target to treat addic-
tion, it is unlikely that GDNF itself could be used as a
therapeutic agent because they are often labile and their de-
livery to the target is complicated by the fact that they do not
cross the blood—brain barrier (Kastin et al. 2003). Therefore,
the finding of small molecules that can be applied systemical-
ly to activate the receptors and the postreceptor signaling
pathways of GDNF may have important clinical significance
for addiction treatment. The finding in the present study that
NCAM signaling mediated the effects of GDNF on some of
morphine-induced neuroadaptations probably opens a new

@ Springer

and promising avenue for the development of therapeutic
approaches to treat addiction.
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