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Lyn Kinase Regulates Mesolimbic Dopamine Release:
Implication for Alcohol Reward

Stuart L. Gibb,* Jerome Jeanblanc,* Segev Barak, Quinn V. Yowell, Rami Yaka, and Dorit Ron

Ernest Gallo Research Center, Department of Neurology, University of California, San Francisco, Emeryville, California 94608

Wereport here that the Src family tyrosine kinase Lyn negatively regulates the release of dopamine (DA) in the mesolimbic system, as well
as the rewarding properties of alcohol. Specifically, we show that RNA interference-mediated knockdown of Lyn expression results in an
increase in KCl-induced DA release in DAergic-like SH-SY5Y cells, whereas overexpression of a constitutively active form of Lyn (CA-Lyn)
leads to a decrease of DA release. Activation of ventral tegmental area (VTA) DAergic neurons results in DA overflow in the nucleus
accumbens (NAc), and we found that the evoked release of DA was higher in the NAc of Lyn knock-out (Lyn KO) mice compared with
wild-type littermate (Lyn WT) controls. Acute exposure of rodents to alcohol causes a rapid increase in DA release in the NAc, and we
show that overexpression of CA-Lyn in the VTA of mice blocked alcohol-induced (2 g/kg) DA release in the NAc. Increase in DA levels in
the NAc is closely associated with reward-related behaviors, and overexpression of CA-Lyn in the VTA of mice led to an attenuation of
alcohol reward, measured in a conditioned place preference paradigm. Conversely, alcohol place preference was increased in Lyn KO mice
compared with Lyn WT controls. Together, our results suggest anovel role for Lyn kinase in the regulation of DA release in the mesolimbic

system, which leads to the control of alcohol reward.

Introduction

Lyn is a nonreceptor protein tyrosine kinase (PTK) that belongs
to the Src family of PTKs. Lyn is expressed in the adult brain
(Umemori et al., 1992; Chen and Leonard, 1996); however, in-
formation regarding its role in the CNS is limited. Specifically in
cortical neurons, Lyn was shown to directly interact with and
upregulate the activity of Na /K * ATPase by phosphorylating
its a3 subunit (Wang and Yu, 2005). Umemori et al. (2003)
proposed that Lyn negatively regulates the NMDA receptor
(NMDAR) activity, whereas Metere et al. (2006) reported an ac-
tivation of Lyn in striatal synaptosomes and in the striatum in
vivo after overstimulation of NMDAR by exposure to the excito-
toxin quinolinic acid. A link between Lyn and the AMPA receptor
(AMPAR) has also been suggested. Specifically, stimulation of
AMPAR was shown to result in the protection of cerebellar and
hippocampal neurons against neuronal cell death through mech-
anisms involving the activation of Lyn (Wu et al., 2004). In the
cerebellum, Lyn was shown to directly associate with the gluta-
mate receptor 2 (GluR2) subunit of the AMPAR and to partici-
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pate in the AMPAR-mediated upregulation of the BDNF via the
activation of the mitogen-activated protein kinase pathway (Ha-
yashi et al., 1999). However, Hayashi et al. (1999) also showed
that activation of glutamate receptors induces the phosphoryla-
tion of the GluR2 subunit of the AMPAR by Lyn, which leads to
the internalization of the subunit (Hayashi and Huganir, 2004).

Interestingly, unlike other Src PTKs that positively modulate
cellular functions (Palacios and Weiss, 2004; Salter and Kalia,
2004), Lyn plays a unique inhibitory role in various systems (Xu
et al., 2005). For example, Lyn negatively regulates integrin sig-
naling in neutrophils (Pereira and Lowell, 2003), as well as mast
cell proliferation (Hernandez-Hansen et al., 2004) and B-cell ac-
tivation (Scapini et al., 2009).

Ohnishi et al. (2001) previously showed that the global inhi-
bition of Src PTK activity in PC12 cells results in the increase in
calcium-dependent release of dopamine (DA), suggesting an in-
hibitory role of a Src-PTK in DA release. Activation of ventral
tegmental area (VTA) DAergic neurons causes an elevation of DA
overflow in the nucleus accumbens (NAc) (Schultz, 2007; Grace,
2008), and the rewarding properties of abused drugs including
alcohol (ethanol) result from the increase in the level of synaptic
DA in the NAc (Gonzales et al., 2004; Hyman et al., 2006).

Here, we set out to test the hypothesis that Lyn negatively
regulates DA release, and, if so, we aimed to test the consequences
of the inhibition of DA neurotransmission on the rewarding
properties of ethanol.

Materials and Methods

Reagents. Quinine (Q1250), saccharin (S6047), retinoic acid (R2625),
and monoclonal anti-tyrosine hydroxylase (TH) antibodies (T2928)
were purchased from Sigma. The shuttle vector pShuttle2, adenovirus
backbone vector pAdeno-X, Adeno-X maxi purification kit, Adeno-X
rapid titer kit, lentiviral expression vector pLVX-IRES-ZsGreenl, lenti-X
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293T cells, lenti-X HT packaging mix, lenti-phos HT transfection reagents,
and polyclonal anti-ZsGreen antibodies (632474) were purchased from
Clontech. Anti-Lyn polyclonal antibody (2732) was purchased from Cell
Signaling Technology. Lipofectamine 2000, DMEM, nonessential amino ac-
ids, 10% BIS-Tris gels, anti-phospho Src (Y418) polyclonal antibody (44—
660G), Alexa Fluor-594-labeled donkey anti-mouse, and Alexa Fluor-488
labeled donkey anti-rabbit were purchased from Invitrogen. Anti-green
fluorescent protein (GFP) monoclonal antibody (sc-9996), anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) polyclonal antibody
(sc-25778), anti-actin polyclonal (sc-1616) antibody, and the horseradish
peroxidase-conjugated secondary antibodies were purchased from
Santa Cruz Biotechnology. *H-DA was purchased from GE Healthcare,
and Scintisafe from Fisher Scientific. PP2 [(4-chlorophenyl)-7-(¢-butyl)
pyrazolo[3,4-d]pyrimidine] was purchased from EMD Biosciences. The
shuttle vector pRNAT/HI was purchased from Genscript. Quikchange
lightning Site-Directed Mutagenesis Kit was purchased from Stratagene.
Fetal bovine serum (FBS) was purchased from Hyclone. Complete mini-
protease inhibitor was purchased from Roche, and the protein quantifi-
cation BCA assay kit from Pierce. Nitrocellulose membranes were
purchased from Millipore.

Animals. Male C57BL/6 mice and mating pairs of Lyn heterozygote
(Lyn HET) mice (Hibbs et al., 1995) were purchased from Jackson Lab-
oratories. Lyn HET mice (129/Sv X C57BL/6 mixed background) were
mated in-house to generate F1 wild-type littermate (Lyn WT), knock-out
(KO), and HET mice. F1 HET mice were then mated to generate F2, F3,
and F4 Lyn WT and KO mice. Eight- to 16-week-old male mice were used
in the studies. At the age the mice were used for the behavioral experi-
ments, we did not observe any developmental or behavioral deficits in the
Lyn KO mice compared with Lyn WT mice. Animals were individually
housed under a 12 hlight/dark cycle, with lights on at 7:00 A.M. and food
and water available ad libitum. Ethanol-naive mice were used for each
experiment. Experimental protocols were approved by the Ernest Gallo
Clinic and Research Center Institutional Animal Care and Use Commit-
tee and were conducted in agreement with the Guide for the Care and Use
of Laboratory Animals by the National Research Council.

Construction and preparation of adenovirus expressing short-hairpin
RNA targeting Lyn. A short-hairpin RNA (shRNA) sequence targeting
Lyn (sense, 5'GAT CCC AGA CTC AAC CAG TAC GTA ATT GAT ATC
CGTTACGTACTG GTT GAGTCT TTT TTT CCA AA 3'; antisense, 5
AGC TTT TGG AAA AAA AGA CTC AAC CAG TAC GTA ACG GAT
ATC AAT TAC GTA CTG GTG AGT CTG G 3’) was created based on a
sequence reported by Ptasznik et al. (2004). A scrambled (SCR) version
of the shRNA sequence (sense, 5' GATC CCA ATG CAT GAC CAA CTC
AGA TTG ATA TCC GTC TGA GTT GGT CAT GCA TTT TTT TTC
CAA A 3'; antisense, 5 AGC TTT TGG AAA AAA AAT GCA TGA CCA
ACT CAG ACG GAT ATC AAT CTG AGT TGG TCA TGC ATT GG 3")
was used as a control. Synthesized strands were annealed using a thermal
cycler and ligated into the shuttle vector pPRNAT/HI. The cassette encod-
ing the shRNA sequence and expression sequence for GFP was subcloned
into the adenovirus backbone vector pAdeno-X using the I-Ceu I and
PI-Sce I restriction sites. pAdeno-X recombinant adenoviruses (Adv-
shLyn and Adv-SCR) were transfected into HEK 293 cells using Lipo-
fectamine 2000. Adenoviruses were purified using Adeno-X maxi
purification kits and titered with Adeno-X rapid titer kits (Clontech) as
per the manufacturer’s instructions.

Construction and preparation of adenovirus and lentivirus overexpressing
CA-Lyn. Full-length Lyn was cloned from rat cerebellum cDNA (87% iden-
tity to the human sequence and 94% identity to the mouse sequence) and
ligated into the shuttle vector pShuttle2. This construct was used as a tem-
plate for site-directed mutagenesis (Quikchange Lightning Site-Directed
Mutagenesis Kit) of tyrosine 508 to phenylalanine (Y508F) generating the
constitutively active enzyme (CA-Lyn) (Harder et al., 2001). CA-Lyn was
then subcloned to the adenovirus backbone vector. pAdeno-X recombinant
CA-Lyn adenovirus was transfected into HEK 293 cells using Lipofectamine
2000. Virus purification and titration was performed as described above.

To create a lentivirus expressing CA-Lyn (LV-CA-Lyn), the constitu-
tively active kinase was subcloned into the bicistronic lentiviral expres-
sion vector pLVX-IRES-ZsGreenl. A lentivirus expressing ZsGreenl
(LV-ZsGreen) was created as a control. For production of recombinant

J. Neurosci., February 9,2011 - 31(6):2180-2187 = 2181

lentiviruses, pLVX vectors were cotransfected with packaging vectors
into lenti-X 293T cells with lenti-X HT packaging mix using lenti-phos
HT transfection reagents. Medium was exchanged the following day and
collected 48 h later. Lentivirus was concentrated by ultracentrifugation in
Beckman Ultra-Clear tubes (catalog #344058) at 90,000 X g for 90 min at
4°C using a SW-32Ti rotor and a Beckman Coulter LE-80K ultracentri-
fuge (Beckman Coulter). Medium was removed, and the lentivirus pellet
was resuspended in Ca”>*/Mg>* free PBS. LV-CA-Lyn and LV-GFP were
titered according to the procedure of Tiscornia et al. (2006).

Cell culture. HEK293 and SH-SY5Y cells were cultured in DMEM con-
taining D-glucose (4.5 g/L), 10% FBS, and 5 mM nonessential amino
acids. For differentiation of SH-SY5Y cells into a DAergic-like neuronal
cell type, 4 X 107 cells were plated per well on a six well plate and
differentiated with 10 um retinoic acid in DMEM containing D-glucose
(4.5 g/L), 1% FBS, and 5 mm nonessential amino acids. Differentiation
was performed for 3 d before assays or viral infections.

Preparation of cell homogenates. After removal of media, cells were
washed once with PBS before lysis in ice-cold radioimmunoprecipitation
assay buffer (1% NP-40, 0.1% deoxycholate, 0.5% SDS, 50 mm Tris-Cl, 5
mM EDTA, and 120 mMm NaCl), supplemented with Complete mini-
protease inhibitor. Samples were then briefly sonicated using a sonic
dismembrator (Fisher Scientific), and protein content was quantified
using a BCA assay kit.

Western blot analysis. Samples were resolved by SDS-PAGE on 10%
BIS-Tris gels and transferred overnight at 4°C onto nitrocellulose mem-
branes. Membranes were blocked in milk solution [5% milk in Tris-
buffered saline with Tween 20 (TBST)] and were then incubated with
primary antibodies diluted in TBST with 1% milk overnight. Follow-
ing washes in TBST, membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies. Immunoreactivity was
detected using enhanced chemiluminescence (GE Healthcare) and cap-
tured using CL-X Posure x-ray film (Thermo Scientific). Results were
quantified using National Institutes of Health Image], version 1.41.

Radiolabeled dopamine release assay. Differentiated SH-SY5Y cells
were first infected by the adenovirus expressing the GFP-shLyn, GFP-
SCR sequence, CA-Lyn, or GFP. Ten days (maximal knockdown of Lyn)
or 3 d (maximal overexpression of CA-Lyn) after virus treatment, culture
medium was exchanged for HBSS loading solution (135 mwm NaCl, 5 mm
KCl, 1.3 mm Na,HPO, - 2H,0O, 6 mm D-glucose, 10 mm HEPES, 0.2 mm
sodium ascorbate, 0.6 mm MgCl, - 6H,0, 2.5 mm CaCl, - 2H,0, and
0.1% BSA). After 2 X 15 min washes with loading solution, SH-SY5Y
cells were incubated with loading solution containing *H-DA (1 uCi/
ml). After 30 min of incubation at 37°C, 5% CO,, the medium was
removed and the cells were washed four times in loading solution (15
min per wash). After washes, the release of H-DA was evoked by expos-
ing the cells for 2 min to the loading solution containing 90 mm NaCl and
50 mm KCl or 40 mm NaCl and 100 mm KCL Medium was then collected
in scintillation vials, and cells were collected and lysed in a 10% SDS
solution. Samples were then mixed with 25 ml of Scintisafe, and radio-
activity was measured using the Beckman LS 5000 scintillation counter.
The amount of *H-DA released into the medium was expressed as a
percentage of nontreated SH-SY5Y cells that were only exposed to the
loading solution throughout the assay.

Fast-cyclic voltammetry. Coronal NAc slices (250 wm) were cut on a
Vibratome (VT200, Leica) in ice-cold artificial CSF (aCSF) (126 mm
NaCl, 2.5 mm KCl, 1.1 mm NaH,PO,, 1.4 mm MgCl,, 0.5 mm CaCl,, 18
mM NaHCO;, 11 muM glucose, with pH 7.2-7.4, saturated with 95%
0,/5% CO,). Slices were recovered in a holding chamber for 1 h at 31°C
in aCSF containing 1 mwm ascorbic acid. Slices were then placed in the
recording chamber and were continuously superfused with an aCSF so-
lution containing 2.4 mm CaCl, saturated with 95% O, and 5% CO.,.
Fast-cyclic voltammetry using carbon-fiber microelectrodes (7 um di-
ameter; 75 um exposed surface; Goodfellow) was used to detect extracel-
lular DA concentration. The scan rate for the fast-cyclic voltammetry was
400 V/s with a sampling interval of 100 ms. The scan range was —0.3—
+1.3V (vs Ag/AgCl). DA release was evoked by a single stimulation of 0.5
mA for 0.5 ms every 5 min. The concentration of the extracellular DA was
calculated based on a standard curve (0.1, 1, and 10 um DA) obtained for
each microelectrode at the end of each recording session.
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Lentivirus infection of mice VTA. C57BL/6 mice were anesthetized by
systemic administration of a mixture of ketamine (120 mg/kg) and xyla-
zine (8 mg/kg). Mice were placed in a stereotaxic frame (David Kopf
Instruments), and two holes were drilled above the site of viral injection
(anteroposterior, —3.0 mm from bregma; lateral, = 0.5 mm from
bregma). The injectors (stainless tubing, 33 gauge, Small Parts) were
slowly lowered into the VTA (dorsoventral, —4.7 mm from bregma). The
injectors were connected to Hamilton syringes (10 wl; 1701, Harvard
Apparatus), and the infusion was controlled by an automatic pump
(Harvard Apparatus). Mice received 1.5 wl (0.1 ul/min) of virus [LV-
CA-Lyn or LV-ZsGreen; 1 X 107 infectious units (ifu)/ml] per side. The
injectors remained in place for 10 additional minutes to allow the virus to
diffuse, and then were slowly removed. Mice were allowed to recover in
their home cage, and the experiments started 10 d after the surgery.

Immunohistochemistry. Brain slices were prepared and stained as pre-
viously described (Jeanblanc et al., 2009). Briefly, free-floating sections
were permeabilized with 50% ethanol for 20 min, rinsed in PBS, then
blocked with 10% normal donkey serum in PBS for 30 min, and then
incubated for 48 h at 4°C on an orbital shaker with monoclonal anti-TH
antibodies (1:2500) in combination with the polyclonal rabbit anti-
ZsGreen antibody (1:1000) diluted in PBS/0.05% Triton X-100. Sections
were then washed three times for 5 min with PBS, and then incubated
with 2% normal donkey serum for 10 min in the following mixture of
secondary antibodies for 3 h: Alexa Fluor-594 labeled donkey anti-mouse
(to detect TH) and Alexa Fluor-488 labeled donkey anti-rabbit (to detect
ZsGreen). After staining, sections were washed in PBS, mounted on
gelatin-subbed slides, briefly air dried, and coverslipped using Vectash-
ield mounting medium with DAPI (Vector Laboratories). Images were
acquired using an LSM 510 META laser confocal microscope with mul-
tichannel excitation and detection options using optimal factory recom-
mended filter configurations to minimize spectral bleed-through (Zeiss).

Microdialysis. C57BL/6 mice were microinfused with either LV-
ZsGreen or LV-CA-Lyn in the VTA, and 10 d later mice were reanesthe-
tized and placed in a stereotaxic frame for the implantation of the guide
cannula for the microdialysis probe. Microdialysis guide cannulae
(CMA/7, CMA Microdialysis) were inserted stereotaxically (anteropos-
terior, +1.0 mm from bregma; lateral, +1.0 mm from bregma; dorso-
ventral, —4.0 mm from the skull surface) and secured to the skull using
stainless steel screws and dental cement. The dorsoventral coordinate
corresponded to the tip of the guide cannula and the length of the mem-
brane of the microdialysis probe (CMA/7) and 1 mm below the guide
cannula (supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). No animals were excluded from the study due to can-
nula misplacement. After surgery, mice were housed individually and
allowed to recover for 4—5 d before the beginning of the experiment. The
evening before the experiment, the microdialysis probes were inserted
into the guide cannula, secured with dental cement, and perfused with
aCSF (NaCl, 149 mwm; KCl, 2.8 mm; CaCl,, 1.2 mm; MgCl,, 1.2 mm;
D-glucose, 5.4 mm, pH 7.0) at a rate of 0.3 ul/min overnight. After the
period of stabilization, fresh aCSF was perfused at a rate of 0.7 ul /min,
and sample collection (1 sample every 15 min) started 90 min later.
Dialysate DA level was determined using HPLC with electrochemical
detection. The chromatographic system consisted of an ESA Analytical
model 584 pump, an ESA Analytical microtiter model 540, an ESA Ana-
lytical Coulochem III amperometric detector with a model 5011A dual-
detector analytical cell (guard cell, 275 mV; E1, —150 mV; E2, 220 mV),
and a microbore column (50 mm X 1.5 mm X 3 wm; Shizeido). The
mobile phase (150 mm NaH,PO,, 4.76 mwm citricacid, 50 um EDTA, 3 mm
SDS, 8% methanol, 10% acetonitrile, pH 5.6 adjusted with NaOH) was
run at a flow rate of 0.2 ml/min. Dialysate DA levels were quantified by
external standard curve calibration using area under the curve.

Histology. Mice implanted with microdialysis probes were perfused
transcardially with saline (0.9%) then with the fixative (4% paraformal-
dehyde). Then, 75 um coronal slices were cut and examined for cannulae
placement (supplemental Fig. 1, available at www.jneurosci.org as sup-
plemental material).

Conditioned place preference. The rewarding effect of ethanol was de-
termined using the conditioned place preference (CPP) procedure. The
testing apparatus (Med Associates) consisted of two compartments

Gibb et al. @ Lyn Kinase and Reward

(16.8 X 12.7 cm each) with distinct visual and tactile cues (conditioning
compartments). One compartment has white walls and a stainless steel
mesh floor, and the other compartment has black walls and a floor con-
sisting of stainless steel rods placed every 8 mm (center to center). A small
center compartment (2.8 X 12.7 cm) with gray walls and a solid plastic
floor separates the two other compartments. The center compartment is
equipped with computer-controlled guillotine doors that provide access
to one or both of the conditioning compartments. On the first day of the
experiment (habituation session), mice had free access to the three dif-
ferent compartments for a period of 30 min. Mice that spent >70% of the
time in either one of the compartments during the habituation session
were excluded from the study (Lyn KO, n = 2; Lyn WT, n = 1, Ltv-
CALyn, n = 1). An unbiased design (unbiased apparatus and unbiased
assignment procedure) was used (Tzschentke, 2007). In the morning of
the first day of conditioning (the day following habituation), mice re-
ceived an intraperitoneal injection of either saline or ethanol (2 g/kg,
20% v/v solution) (Tzschentke, 2007). Immediately after the treatment,
mice were placed within either the white or the black compartment for 5
min. Six hours later, mice received an intraperitoneal injection of the
solution they had not previously received. Mice were then immediately
placed for 5 min within the compartment they did not experience during
the first session. As a control, a group of mice received saline injections
before each conditioning session. The conditioning phase lasted for 3 d
for the experiment using the transgenic mice, and 5 d for the experiment
using mice in which the VTA was infected with a virus. On the test day
(the day following the last day of conditioning), mice were allowed to
move across the three compartments for 30 min. The time spent in each
conditioned compartment was recorded by photo beams placed 1.2 cm
apart in the conditioning compartments. Results are expressed as a pref-
erence ratio = SEM. The preference ratio was calculated as the time spent
in the ethanol-paired compartment divided by the time spent in the
saline-paired compartment during the preconditioning or test session.

Statistical analysis. CPP data were analyzed by a three-way mixed
model 2 X 2 X 2 ANOVA with a within-subject factor of conditioning
(preconditioning, postconditioning), and a between-subjects factor of
ethanol treatment (saline, ethanol) and genotype (WT, KO) or virus
pretreatment (control, CA-Lyn), followed by post hoc analyses. Microdi-
alysis data were analyzed by a two-way mixed model ANOVA with a
between-subjects factor of virus pretreatment (control, CA-Lyn) and a
repeated measurements factor of fractions. Otherwise, data were ana-
lyzed as indicated, by Student’s ¢ test or by one- or two-way ANOVA with
or without repeated measures, followed by post hoc analysis (Newman—
Keuls test) when indicated. Data are expressed as the mean = SEM. Since
the voltammetric data (of the area under the curve) failed to fulfill the
assumptions of parametric statistical tests, the data were analyzed using a
nonparametric test (Mann—Whitney).

Results

Lyn negatively regulates dopamine release

To test the possible contribution of Lyn kinase in the regulation
of DA exocytosis, we used the neuroblastoma cell line SH-SY5Y
and measured calcium-dependent DA release after altering the
level and activity of Lyn. SH-SY5Y cells can be differentiated into
a DAergic-like cell type (Pdhlman et al., 1984) and are therefore
used to study DAergic neurotransmission (Ault and Werling,
2000). Specifically, differentiated SH-SY5Y express voltage-gated
Ca’" channels, which can be activated by increasing extracellular
potassium to induce depolarization resulting in neurotransmit-
ter release (Murphy et al., 1991). First, we confirmed that the
incubation of differentiated SH-SY5Y cells with pan-Src PTKs
inhibitor PP2 results in an increase in KCl-mediated DA release
(Fig. 1a) (t4y = 3.99; p < 0.02). Next, to test the effect of the
reduction of Lyn levels on the release of DA, we created an ade-
novirus expressing an shRNA sequence targeting Lyn (Adv-
shLyn), and maximal knockdown of protein level was observed
10 d after infection (Fig. 1b,c) [two-way ANOVA: main effects of
virus treatment (F(, ) = 22.59, p < 0.0001) and time points
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Figure 1. Alterations in the level and activity of Lyn result in modulation of DA release in
differentiated SH-SY5Y cells. a, >H-DA release assay. SH-SY5Y cells were preincubated for 30
min with the pan-Src PTKs inhibitor PP2 (50 wum). Cells were depolarized with KCI (100 mw).
After 2 min of depolarization, media and cell lysates were separately collected. Data were
analyzed as a percentage of DA release and expressed as the mean == SEM percentage of
non-depolarized controls (n = 3). **p << 0.01. b, Infection of SH-SY5Y cells with either the
Adv-shLyn or the scrambled sequence control (Adv-SCR). Viruses were used at a concentration
of 1 X 107 ifu/ml (predetermined maximal effective concentration, data not shown). Protein
lysates were collected after 10 d of infection and Lyn levels were analyzed by Western blot with
anti-Lyn antibodies (1:500). Anti-GFP antibodies were used as a method of detecting virus
infection, and GAPDH levels were measured to verify equal sample loading (n = 3). ¢, Time
course for knockdown of Lyn protein levels in SH-SY5Y cells infected with either Adv-shLyn or
Adv-SCR. As in b, viruses were used at a concentration of 1 X 107 ifu/ml. Lyn levels were
analyzed by Western blot as in b. Data are expressed as a percentage of the ratio of Lyn/GAPDH
in the control samples (n = 3). ***p << 0.001. d, *H-DA release assay. SH-SY5Y cells were
depolarized with KCI (50 mm, 100 mu). After 2 min of depolarization, media and cell lysates were
separately collected. Data were analyzed as the percentage of DA release and expressed as the
mean = SEM percentage of uninfected controls (n = 3). **p << 0.01. Results are expressed as
the mean = SEM percentage of non-depolarized controls (n = 3). **p << 0.01. e, Infection of
SH-SY5Y cells with an adenovirus expressing constitutively active Lyn (Adv-CA-Lyn) or control
(Adv-GFP). Active Lyn levels were analyzed by Western blot with a pan-active Src PTKs antibody
anti-[pY *'1Src. Total Lyn levels were detected using anti-Lyn antibodies; anti-GFP antibodies
were used to detect the control virus, and GAPDH levels were measured to verify equal sample
loading (n = 3).f, *H-DA release assay. Cells were infected for 3 d with Adv-CA-Lyn or Adv-GFP,
cells were depolarized, and data were analyzed as in d. The results are expressed as the mean =
SEM percentage of uninfected controls (n = 3). ***p < 0.001.

(F1.12) = 16.62, p < 0.02), as well as a significant interaction
between the two factors (F, ;,) = 28.11, p < 0.0001)]; post hoc
analyses show a significant difference on day 10 between shLyn
and control as well as SCR ( p values <0.0001), but no difference
between control and SCR on that day, and no differences among
the three groups on day 3. As shown in Figure 1d, treatment of
control cells with KCl resulted in increased DA release; however,
knockdown of Lyn induced a much greater increase in DA release
compared with cells infected with the adenovirus expressing the
scrambled sequence (Adv-SCR). A two-way ANOVA revealed
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Figure 2.  Lyn KO mice have a higher level of extracellular DA in the NAc than WT mice. a,

Placement of the recording microelectrode in the core of the NAc of WT (black line) and KO (red
lines) mice [diagram adapted from Paxinos and Franklin (2001)]. b, Voltammogram and curve
fit representatives of electrically evoked DA changes measured in the core of the NAc slices. ¢,
Stimulation was produced by a double-stimulating electrode system placed 100 r.m below the
recording electrode. The duration of the stimulation was 0.5 ms, and the amplitude was 0.5 mA.
Results are expressed as the mean DA concentration (pum). WT and KO, n = 5, Mann—Whitney
test, p << 0.001. d, Results are expressed as the mean of normalized peaks of DA. WT and KO,
n = 5. Mann—Whitney test, p << 0.001.

the main effects of the factors virus (F, ,;, = 15.15; p < 0.001)
and treatment (F(,,;, = 32.26; p < 0.001), and an interaction
between both factors (F(,,,, = 3.9; p < 0.05). Post hoc analyses
found a significant difference between the Adv-shLyn- and Adv-
SCR-treated cells for both concentrations of KCI ( p values
<0.01). If the reduction in protein levels (and therefore activity)
of Lyn leads to an elevation in DA release, then increasing expres-
sion and activity of the kinase should have an opposite effect. To
test this possibility, we created an adenovirus that overexpresses a
constitutively active form of Lyn (Adv-CA-Lyn) (Fig. le) and
observed that increased expression and activity of Lyn resulted in
a reduction of KCl-induced DA release compared with the con-
trol virus expressing GFP (Adv-GFP) (Fig. 1f). A two-way
ANOVA found main effects of virus (F; o) = 9.44; p < 0.01) and
treatment (F, o) = 22.88; p < 0.001), and an interaction be-
tween both factors (F(,,,, = 4.42; p < 0.05) post hoc analyses
revealed a significant difference between Adv-GFP and the Adv-
CA-Lyn-infected cells treated with 100 mm KCI (p < 0.001)).
Together, these results suggest that Lyn negatively regulates the
evoked release of DA.

Next, to examine whether Lyn plays a role in the negative
regulation of DA release in the mesolimbic system (e.g., the
DAergic neurons that originate from the VTA and project to the
NAc), we used fast-cyclic voltammetry recording and compared
the profile of DA overflow in NAc slices of Lyn KO mice and WT
littermate controls. Since in Lyn KO mice the Lyn gene is absent
during development and throughout adulthood (Hibbs et al.,
1995), we first verified that the deletion of the gene does not result
in compensatory changes in the protein level of other Src PTK
members, Fyn and Src. As expected, Lyn is expressed in the brain
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of Lyn WT but not Lyn KO mice, and the
levels of Fyn and Src do not differ between
the two genotypes (supplemental Fig. 24,
available at www.jneurosci.org as supple-
mental material). Carbon fiber electrodes
were placed in the core of the NAc, as
shown in Figure 24; the release of DA was
induced by the application of electrical
stimulation 100 wm ventral to the record-
ing electrode, and the DA signal was iden-
tified on the voltammogram (Fig. 2b). We
observed that the evoked release of DA
was higher in Lyn KO mice compared
with the WT mice (Fig. 2¢). A Mann—
Whitney test conducted on the area under
the curve revealed a significant difference
between the genotypes (U = 16310, p <
0.001). The higher levels of DA observed
in the NAc of Lyn KO mice could be due
to a lower level of DA reuptake through
the DA transporter. However, by nor-
malizing the peaks of DA obtained after
stimulation (Fig. 2d), we observed that
the area under the curve was sig-
nificantly smaller for Lyn KO mice
compared with the WT mice (Mann—
Whitney U test = 15140, p < 0.0001),
suggesting that the reuptake of DA is
faster in the NAc of Lyn KO mice com-
pared with the NAc of WT mice. Thus,
the higher level of extracellular DA in
the NAc of Lyn KO mice after stimula-
tion is due to an increased release of DA
from the presynaptic terminals.

(9]

Extracellular DA levels

Figure 3.
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Overexpression of CA-Lyn in the mesolimbic system blocks ethanol-induced increase of DA in the NAc. Mice were
stereotaxically microinfused with a lentivirus expressing LV-CA-Lyn (1 X 10 ifu/ml) or LV-ZsGreen (1 X 10 ifu/ml) into the VTA.
a, Ten days after infusion, brains were collected and sliced for immunohistochemistry. VTA coronal slices were probed for TH, a
specific marker for DAergic neurons (red), and for ZsGreen (green). Scale bar, 50 rum. b, VTA punches were collected 10 d after
infusion for Western blot analysis. Active Lyn, Lyn, and GAPDH levels were analyzed by Western blot, as described in Figure 1. b, 0n
the day of the experiment, mice received a systemic administration of ethanol (2 g/kg). The basal levels of DA were 0.74 == 0.10 nm

for the LV-ZsGreen mice and 1.10 == 0.38 nm for the LV-CA-Lyn mice. The results are expressed as the mean == SEM of extracellular

Lyn controls ethanol-mediated DA
release and reward

Previous studies showed that systemic, in-
travenous administration of nonsedative moderate doses of eth-
anol, as well as ethanol self-administration, results in a rapid
increase in DA release within the mesolimbic system (Gonzales et
al., 2004). Therefore, we tested the hypothesis that Lyn negatively
regulates ethanol-mediated DA release, and, by doing so, the ki-
nase controls the rewarding properties of ethanol. First, to deter-
mine whether alteration in Lyn activity changes the level of
extracellular DA in response to ethanol, we used microdialysis
and tested whether overexpression of CA-Lyn in VTA DAergic neu-
rons of C57BL/6 mice affects ethanol-induced DA release in the
NAc. To do so, we created a lentivirus expressing CA-Lyn (LV-CA-
Lyn) and a control lentivirus expressing Zs Green (LV-ZsGreen). As
shown in Figure 3a, LV-CA-Lyn infection was localized to the VTA,
and resulted in the overexpression of the active kinase (Fig. 3b). As
shown in Figure 3¢, there was no difference between the LV-ZsGreen
and LV-CA-Lyn groups before ethanol treatment (mixed-model
two-way ANOVA, no significant main effects, or virus pretreat-
ment X fraction interaction before ethanol treatment); however,
systemic administration of 2 g/kg ethanol led to a rapid increase in
DA release in the NAc in the LV-ZsGreen group; however, no
change in DA level was observed in the LV-CA-Lyn group after
ethanol treatment [mixed-model two-way ANOVA; main effect of
virus pretreament (F; ;) = 7.08, p < 0.05)]. These results suggest
that increased activity of Lyn in the VTA is directly associated with
the inhibition of ethanol-mediated DA release.

DA (percentage of baseline). LV-ZsGreen and LV-CA-Lyn, n = 4.*p << 0.05.

Next, we hypothesized that the modulation of DA release by
Lyn leads to changes in the rewarding properties of ethanol. The
CPP procedure is widely used to examine the rewarding and
reinforcing actions of drugs (Tzschentke, 2007). We therefore
used this assay to test whether alteration in the level and activity
of Lyn alters ethanol reward. First, the VTA of C57BL/6 mice were
infected with LV-CA-Lyn or LV-ZsGreen, and the levels of etha-
nol place preference were measured 10 d later. We found that
both groups of mice did not show any preference for a specific
compartment of the CPP chambers during the preconditioning
period (Fig. 4). In addition, on test day saline-treated mice
showed no place preference regardless of the virus pretreatment.
However, among ethanol-conditioned mice, CPP to the ethanol-
paired compartment was observed in the control mice expressing
LV-ZsGreen in the VTA but was not detected in the mice express-
ing LV-CA-Lyn in the VTA (Fig. 4) [mixed-model three-way
ANOVA, significant interactions of virus pretreatment X ethanol
treatment (F; 5oy = 6.15, p < 0.02) and conditioning X virus
pretreatment (F; 55, = 4.21, p < 0.05); post hoc analyses: p < 0.01
for LV-ZsGreen, and p = 0.36 for LV-CA-Lyn]. These results
indicated that the activation of Lyn in the VTA blocks ethanol
reward.

Finally, to test whether the absence of the Lyn gene results in
an opposite phenotype (e.g., in a higher degree of ethanol place
preference), we compared the level of CPP to ethanol in Lyn KO
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Figure 4.  Overexpression of CA-Lyn in the VTA blocks ethanol place preference. Mice were

stereataxically microinfused with LV-CA-Lyn (1 X 107 ifu/ml) or LV-ZsGreen (1 X 107 ifu/ml)
inthe VTA. Ten days after the microinfusion, mice were subjected to the CPP protocol with 5 d of
conditioning. During the test day, animals were given free access to both contexts for 30 min,
and the amount of time spent in the ethanol- and saline-paired compartments was measured.
Results are expressed as the mean = SEM of preference ratio (time spent in ethanol-paired
compartment/time spentin saline-paired compartment). LV-ZsGreen Saline, n = 7; LV-CA-Lyn
saline, n = 7; LV-ZsGreen EtOH, n = 10; LV-CA-Lyn EtOH, n = 10.*p << 0.01.
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Figure 5.  Lyn deletion increases ethanol place preference. Lyn KO and WT mice received

daily systemic administration of saline or ethanol (2 g/kg) during conditioning. On test day,
animals were given free access to both contexts for 30 min, and the amount of time spent in the
ethanol- and saline-paired compartments was measured. A CPP score was calculated by sub-
tracting the time spent in the saline-paired context to the time spent in the ethanol-paired
context. Results are expressed as the mean == SEM of preference ratio (time spent in ethanol-
paired compartment/time spent in saline-paired compartment). KO saline, n = 8; WT saline,
n = 10; KO EtOH, n = 11; WT EtOH, n = 12.*p << 0.05, ***p << 0.0001.

and WT mice. As shown in Figure 5, neither Lyn KO nor WT
mice showed a preference for either side of the CPP chambers
during the preconditioning sessions or after systemic administra-
tion of saline. However, after the conditioning to ethanol, Lyn
KO mice exhibited a significantly higher preference for the
ethanol-paired compartment compared with the WT mice. This
was confirmed by a mixed-model three-way ANOVA, which
yielded significant main effects of conditioning (F, 5,, = 14.07;
P <0.001) and ethanol treatment (F, 5, = 18.02; p < 0.0001), as
well as significant interactions of conditioning X ethanol treat-
ment (F, 5,y = 18.47; p < 0.0001) and conditioning X ethanol
treatment X genotype (F(, 5,y = 4.93; p < 0.05). Post hoc analysis
revealed a significant difference between ethanol- and saline-
treated mice in Lyn WT (p < 0.05) and Lyn KO ( p < 0.0001)
mice, as well as between WT and KO mice treated with ethanol
(p <0.05). The increase in ethanol place preference was not due
to differences in locomotor activity between the genotypes (sup-
plemental Fig. 2b, available at www.jneurosci.org as supplemen-
tal material), and there was no difference between the genotypes
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in the duration of ethanol-mediated loss of righting reflex (sup-
plemental Fig. 2¢, available at www.jneurosci.org as supplemental
material). A two-way mixed-model ANOVA revealed a main
effect of the within-subject factor treatment (F, 4 = 12.24;p <
0.001), but no effect of genotype (F(, ;) = 0.03; ns) and no inter-
action between these two factors (F, ;) = 1.09; ns). Finally, Lyn
KO and Lyn WT mice exhibited a similar rate of ethanol metab-
olism (supplemental Fig. 2d, available at www.jneurosci.org as
supplemental material). A two-way mixed-model ANOVA re-
vealed a main effect of time (F(, ;) = 8.79; p < 0.01), but no effect
of genotype (F; 15y = 1.77; ns) and no interaction between both
factors (F(, 5y = 0.43; ns). Together, these results suggest that
Lyn negatively regulates the rewarding properties of ethanol.

Discussion

Our results suggest a novel role for Lyn kinase in the mesocorti-
colimbic DAergic system as a negative regulator of DA release.
Specifically, we show that knockdown of the Lyn gene in differ-
entiated SH-SY5Y cells increases DA release, whereas overexpres-
sion of the active form of the kinase attenuates DA release. In
addition, we observed that the evoked release of DA is higher in
the NAc of Lyn KO mice when compared with the WT litter-
mates. We further show that ethanol-mediated DA release and
reward are affected by the alterations in the level and activity of
Lyn kinase. Specifically, ethanol-induced increase in DA release
in the NAc and ethanol reward were abolished upon infection of
VTA neurons with the active form of the kinase. Finally, the level
of ethanol place preference was elevated in the absence of the
kinase. Together, our results suggest that Lyn plays a unique role
in the regulation of DA release in the mesolimbic system, and by
doing so, the kinase contributes to controlling the degree of eth-
anol reward.

Possible mechanisms underlying Lyn-mediated regulation of
DA release

We show that DA release induced by depolarization of the SH-
SY5Y cells is altered by the knockdown of Lyn or the overexpres-
sion of CA-Lyn. However, the baseline level of DA release was not
affected by the modifications of Lyn activity. Moreover, Lyn KO
mice or mice overexpressing CA-Lyn do not show differences in
baseline levels of DA release, compared with their respective con-
trols. However, upon electrical stimulation or ethanol adminis-
tration, the release of DA was altered in both Lyn KO mice and in
the mice overexpressing CA-Lyn compared with their controls.
Together, these results suggest that phasic but not tonic release of
DA is altered by Lyn activity.

The molecular mechanism by which Lyn negatively regulates
DA exocytosis in the mesocorticolimbic system is currently un-
known. However, the data obtained upon electrical stimulation
of DA release in NAc slice preparations from Lyn WT and KO
mice suggest, at least in part, a presynaptic mechanism as the
synaptic terminals have been disconnected from their cell bodies.
It is highly likely that Lyn-mediated inhibition of DA release
involves kinase activity and phosphorylation of substrates. Inter-
estingly, Src PTKs have been reported to negatively regulate both
calcium-mediated release of neurotransmitter (Ohnishi et al.,
2001) and insulin (Cheng et al., 2007), and our results suggest
that the Src PTK Lyn is the kinase responsible for this inhibitory
action. Src-PTKs have been reported to phosphorylate the syn-
aptic vesicle-associated proteins synaptophysin (Evans and
Cousin, 2005) and synapsin I (Onofri et al., 2007). Onofri et al.
(2007) demonstrated that phosphorylation of synapsin is in-
versely proportional to neurotransmitter release in cortical syn-
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aptosomes, and this observation is in agreement with our
findings showing that Lyn activity is inversely proportional to
neurotransmitter release using a dopaminergic-like cell-based as-
say. Although this phenomenon of phosphorylation of synaptic
vesicle proteins is intriguing, the above-mentioned studies relate
to the entire family of Src-PTKs, and therefore the relevance to
the function of Lyn in DA release merits further investigation.
Interestingly, a recent study showed that Lyn phosphorylates the
SH2-containing tyrosine phosphatase (SHP-1), resulting in the
inhibition of the phosphatase (Xiao et al., 2010). SHP-1 was re-
ported to be associated with synaptic vesicles and to interact with
synaptophysin (Jena etal., 1997). Together, these results raise the
possibility that Lyn-mediated reduction of SHP-1 activity may
contribute to the inhibitory actions of the kinase on synaptic
release of DA.

Rearrangement of the actin cytoskeleton is another mecha-
nism that warrants consideration. Indeed, the densification of the
actin cytoskeleton is a possible mechanism of regulation of exo-
cytosis (Noda and Sasaki, 2008). In pancreatic cells, which ex-
press only Yes and Lyn, Lynch et al. (2004) demonstrated that Yes
(but without excluding Lyn) is responsible for the densification
of the actin cytoskeleton at the apical pole of the cell and that this
densification blocks the exocytosis of amylase. In the neuronal
cell model of PC12 cells, Ohnishi et al. (2001) observed that in-
hibition of the Src-PTKs using PP2 resulted in a reduction in
filopodia extensions and a decrease in phalloidin staining, a
marker of fibrillar actin. Furthermore, inhibition of actin poly-
merization also caused an enhancement in calcium-dependent
release in PC12 cells (Ohnishi et al., 2001). Thus, if Lyn phos-
phorylates either or both synaptic vesicle proteins and compo-
nents of the actin cytoskeleton, exocytosis may be reduced.

Lyn contributes to the negative regulation of ethanol-
mediated DA release and reward

Various studies show that voluntary and nonvoluntary exposure
of rodents to ethanol results in a rapid increase in DA release in
the NAc (Gonzales et al., 2004). The peak of extracellular DA
reaches a maximum level (15-70% above baseline) within 30 min
and then rapidly decreases (Imperato and Di Chiara, 1986;
Howard et al., 2008; Robinson et al., 2009), and we obtained a
similar profile after systemic administration of a moderate dose
(2 g/kg) of ethanol. Importantly, we show that overexpression of
the active form of Lyn in the VTA blocked ethanol-mediated DA
release. Src PTKSs play a role in the regulation of the glutamatergic
signaling (Salter and Kalia, 2004). Therefore, although our data
strongly suggest that the mesolimbic DAergic signaling is con-
trolled by Lyn, we cannot exclude the possibility that glutamater-
gic signaling may also be altered after manipulations of the levels
and/or activity of the kinase.

We also observed that place preference for ethanol (i.e., the
rewarding properties of the drug) is increased in Lyn KO mice
compared with WT mice, and conversely is decreased in mice
overexpressing CA-Lyn in VTA neurons compared with control
mice. DA transmission is a contributor to ethanol reward-related
behaviors (Gonzales et al., 2004), and we show that there is an
inverse correlation between the level and the activity of the kinase
and the rewarding properties of ethanol. Our results put forward
the possibility that Lyn contributes to a protective mechanism
against an aberrant release of DA, and by acting as a break to
prevent further DA release the kinase may play a role in the re-
duction of ethanol-related behaviors. This possibility is in line
with previous studies by us and others suggesting that endoge-
nous regulatory mechanisms control the adverse actions of etha-
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nol (McGough et al., 2004; Pandey et al., 2006; Carnicella and
Ron, 2009; Jeanblanc et al., 2009). However, although our results
suggest that Lyn modulates DA release to control ethanol reward,
other mechanisms are plausible either in concert or in part, and
therefore additional experiments are necessary to add further
insight.

Other possible implications

Our study focused on the modulation of DA release by Lyn and
the resulting controlling of the rewarding properties of ethanol.
However, our findings could also be relevant to the regulation of
the rewarding properties of natural rewards, as well as other drugs
of abuse. The results may also have implications for other pro-
cesses that are linked to the mesolimbic DA system such as incen-
tive salience (Berridge and Robinson, 1998; Fields et al., 2007)
and stress (Ungless et al., 2010).
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