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Nucleus Accumbens-Derived Glial Cell Line-Derived
Neurotrophic Factor Is a Retrograde Enhancer of
Dopaminergic Tone in the Mesocorticolimbic System
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Sami Ben Hamida,' Agustin Zapata,* Toni S. Shippenberg,* and Dorit Ron">?
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Neurology, University of California, San Francisco, California 94143, and “Integrative Neuroscience Section, National Institute on Drug Abuse, Baltimore,
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Spontaneous firing of ventral tegmental area (VTA) dopamine (DA) neurons provides ambient levels of DA in target areas such as the
nucleus accumbens (NAc) and the prefrontal cortex (PFC). Here we report that the glial cell line-derived neurotrophic factor (GDNF),
producedin one target region, the NAc, is retrogradely transported by DA neurons to the VT A where the growth factor positively regulates
the spontaneous firing activity of both NAc- and PFC-projecting DA neurons in a mechanism that requires the activation of the mitogen-
activated protein kinase (MAPK) pathway. We also show that the consequence of GDNF-mediated activation of the MAPK signaling
cascade in the VTA is an increase in DA overflow in the NAc. Together, these results demonstrate that NAc-produced GDNF serves as a
retrograde enhancer that upregulates the activity of the mesocorticolimbic DA system.

Introduction

Glial cell line-derived neurotrophic factor (GDNF) was originally
identified as a potent survival factor for midbrain dopamine
(DA) neurons in culture (Lin et al., 1993). The growth factor
was subsequently shown to be critical for the development,
survival, maintenance, and function of a number of other pop-
ulations of neurons in the CNS, such as hippocampal neurons
(Leddaetal.,2007), motor neurons, as well as sympathetic and
sensory neurons in the peripheral nervous system (Henderson
etal.,, 1994).

GDNEF is essential for postnatal development (Granholm et
al., 2000) and maintenance of midbrain DA neurons in the adult
brain (Pascual et al., 2008) and for the protection of midbrain DA
neurons from neurotoxic damage (Tomac et al., 1995a). Because
of these properties, the growth factor has been considered as a
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potential treatment for Parkinson’s disease, which is character-
ized by the loss of DA neurons in the substantia nigra (SN)
(Deierborg et al., 2008). In addition, accumulating evidence sug-
gests that GDNF in the mesolimbic system, consisting of
DAergic projections from the midbrain ventral tegmental area
(VTA) to the nucleus accumbens (NAc), plays a role in addic-
tion (Carnicella and Ron, 2009; Lu et al., 2009).

GDNF mRNA is produced in the striatum (the primary target
area of midbrain DA neurons), whereas the basal level of the
growth factor in the midbrain is very low (Pochon et al., 1997;
Trupp et al., 1997). However, the GDNF receptor complex, con-
sisting of the GDNF family receptor a1 (GFRa1) and the receptor
tyrosine kinase Ret, is highly expressed in the midbrain but not in
the striatum (Trupp et al., 1997; Sarabi et al., 2001; Jain et al.,
2006). In line with these observations, Tomac et al. (1995b) re-
ported that GDNF is retrogradely transported by DA neurons to
the SN. In the DAergic neurons of the midbrain, ligation of
GDNF with GFRa1 leads to the recruitment and activation of Ret
and to the consequent activation of several signaling cascades
including the mitogen-activated protein kinase (MAPK) and
phosphoinositide 3 kinase (PI3K) pathways (Airaksinen and
Saarma, 2002).

Yang et al. (2001) previously reported that acute ex vivo treat-
ment of midbrain neurons with recombinant GDNF increases
the evoked firing rate of DA neurons. Within the striatum, GDNF
mRNA levels are higher in the NAc (the target region of VTA DA
neurons) than in the dorsal striatum (the target region of SN DA
neurons) (Barroso-Chinea et al., 2005). Therefore, the aim of the
present study was to determine whether endogenous GDNF in
the NAc is a retrograde factor that regulates the firing activity of
DA neurons in the VTA.
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Materials and Methods

Animals

Unless otherwise indicated, male Sprague Dawley rats (21-29 d old) were
used. Rats were housed under a 12 h light/dark cycle, with lights on at
7:00 A.M., and food and water were available ad libitum. All animal
procedures in this study were approved by the Gallo Research Center
Institutional Animal Care and Use Committee and were conducted in
agreement with the National Research Council Guide for the Care and Use
of Laboratory Animals (1996).

Reagents

Recombinant human GDNF was obtained from R&D Systems. Tetrodo-
toxin (TTX), 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo|[f]quinoxaline-
7-sulfonoamide (NBQX), MK-801, PD 98059, and LY 294002 were
purchased from Tocris. Neuro-Dil was purchased from Biotium. Picro-
toxin, R(+) Baclofen, 6-hydroxydopamine (6-OHDA), desipramine,
and all ingredients of the intracellular and external solutions were
obtained from Sigma. The polyclonal phospho-extracellular signal-
regulated kinase 1/2 (p-ERK1/2) antibody used for immunohistochem-
istry was purchased from Cell Signaling Technology. The monoclonal
anti-tyrosine hydroxylase (TH) antibody used for immunohistochemis-
try was purchased from Sigma, and the polyclonal anti-TH antibody used
for postrecording staining was obtained from Millipore Bioscience Re-
search Reagents. Horseradish peroxidase-conjugated secondary anti-
bodies were purchased from Santa Cruz Biotechnology. The secondary
antibodies Alexa Fluor 488-labeled donkey anti-rabbit and Alexa Fluor
594-labeled donkey anti-mouse were purchased from Invitrogen. Cy5
anti-rabbit secondary antibody, FITC goat anti-rabbit IgG, and fluores-
cein [5-(4,6-dichlorotriazinyl)aminofluorescein] streptavidin were
obtained from Jackson ImmunoResearch. The TRIzol reagent was pur-
chased from Invitrogen. The oligo(dT) primers and the reverse tran-
scription system used for reverse transcription of mRNA into cDNA were
obtained from Promega. Phosphatase inhibitor cocktails I and II were
obtained from Sigma. The polyclonal antibodies, anti-Ret, and anti-
phospho-Ret (anti-pRet, Tyr1062) and the monoclonal anti-pERK1/2
antibodies were purchased from Santa Cruz Biotechnology. Protease in-
hibitor mixture was purchased from Roche. The BCA Protein Assay kit
was purchased from Pierce Biotechnology. The enhanced chemilumines-
cence (ECL) Plus detection kit was purchased from GE Healthcare.

Electrophysiology

Slice preparation. Horizontal sections (150 wm) containing the VTA were
prepared with a vibratome in an ice-cold cutting solution containing (in
muM) 40 NaCl, 143.5 sucrose, 4 KCI, 1.25 NaH,PO,, 26 NaHCO,, 0.5
CaCl,, 7 MgCl,, 10 glucose, 1 sodium ascorbate, and 3 sodium pyruvate,
saturated with 95% O, and 5% CO,. Slices were then incubated in the
same solution at 32°C for 45 min and subsequently maintained at room
temperature in the external solution containing (in mm) 125 NaCl, 2.5
KCl, 2.5 CaCl,, 1.3 MgCl,, 1.25 NaH,PO,, 25 NaHCOj, and 10 glucose,
saturated with 95% O, and 5% CO,. For recordings in slices from virus-
and Dil-injected animals, rats were intracardially perfused with the ice-
cold cutting solution before sectioning. Slices were incubated at 32°C in
the cutting solution for 25 min and then in a solution containing the
cutting and the external solution (1:1 in volume) for an additional 25 min
at 32°C. Slices were maintained at room temperature in the external
solution until use.

Electrophysiological recording. Individual slices were placed in a record-
ing chamber (RC26G; Warner Instruments) and viewed with an epiflu-
orescence Olympus microscope (BX50WI). The chamber was superfused
with the external solution at a speed of 2 ml/min. The temperature of the
chamber solution was controlled at 33—34°C by a dual-channel controller
(TC-344B; Warner Instruments). Dil-labeled neurons were identified by
the red fluorescence of the Dil and patched under the guidance of
infrared-differential interference contrast (DIC) microscopy. The elec-
trode resistance for all experiments was 4—6 M(). The pipette solution
contained 123 mm potassium gluconate, 10 mm HEPES, 0.2 mm EGTA, 8
muM NaCl, 2 mm MgATP, 0.3 mm NaGTP, and 0.1% biocytin, pH 7.2-7.3,
with an osmolarity of 270-280 mOsm. For measuring the spontaneous
firing of neurons, cell-attached recordings were conducted in voltage-
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clamp mode. Data were collected using a MultiClamp 700A amplifier
controlled by the pClamp 9 software (Molecular Devices). Spontaneous
spikes were filtered at 2 kHz and digitized at 10 kHz. Neurons with wide
spikes and low firing frequencies were selected for data collection. At the
end of the cell-attached recording, whole-cell access was obtained for
biocytin perfusion into the neuron for later TH staining while simulta-
neously recording I, in voltage-clamp mode by a hyperpolarizing step
from the holding voltage of —60 to —90 mV for 1 s. We also tested the
I,-mediated “Sag” in current-clamp mode (data not shown). The spike
frequency was continuously measured on-line with Clampex (Molecular
Devices) or afterward using Clampfit or MiniAnalysis (Synaptosoft). For
electrophysiological experiments in which GDNF, adenovirus expressing
GDNF shRNA (Adv-shGDNEF), and their respective controls were used
in vivo, the firing rates of neurons were compared in a counterbalanced
manner so that the influence of uncontrollable experimental conditions
on the neuronal firing were minimized. Specifically, on a single experi-
mental day, the firing rates of VTA neurons were compared between a rat
treated with GDNF or Adv-shGDNF and a rat treated with vehicle or the
scrambled shRNA GDNF sequence (Adv-SCR), respectively. In addition,
neurons from rats receiving treatment or control were alternately re-
corded. For each neuron, the firing rate during a 4 min stable recording
was measured. Recordings were performed within 6 h after slice prepa-
ration and recovery (~1 h).

Measurement of miniature EPSCs and miniature IPSCs. For recordings
of miniature EPSCs (mEPSCs), 100 um picrotoxin and 1 um TTX were
present in the bath solution. The pipette solution was the same as de-
scribed above. mEPSCs were recorded for 5 min with neurons clamped at
—70 mV. For recordings of miniature IPSCs (mIPSCs), 10 um NBQX
and 1 um TTX were present in the bath solution. The intracellular solu-
tion contained (in mm) 125 KCl, 4 NaCl, 10 HEPES, 1 EGTA, 1 MgCl,, 2
Na,ATP, 0.6 Na;GTP, 2 Na,CrPO,, and 10 QX-314. mIPSCs were re-
corded for 3 min with neurons clamped at —70 mV. mEPSCs and mIPSCs
were analyzed with the Mini Analysis Program (Synaptosoft), with de-
tection criteria set at >7 pA in amplitude and verified by eye.

Ex vivo application of GDNF. GDNF was dissolved in a bath solution
containing 60 pug/ml bovine serum albumin. After application, the
GDNEF solution was recirculated. The recycled solution was aspirated by
one channel of a dual-channel mini-pump (P720; Instech Lab) to a 12.5
ml reservoir where it was reoxygenated with 95% O, and 5% CO,. The
reoxygenated solution was driven by the other channel of the mini-pump
to the recording chamber. A similar recirculating system was previously
used to deliver another neurotrophic factor, brain-derived neurotrophic
factor (BDNF), into slices for electrophysiological recording (Lauterborn
et al., 2007).

Postrecording TH immunostaining was performed according to Margolis
et al. (2008). Briefly, immediately after electrophysiological recordings,
VTA slices containing biocytin-filled neurons were fixed in 4% parafor-
maldehyde for 2 h and stored at 4°C in PBS. Slices were incubated with
anti-TH antibody (1:100) at 4°C for 48 h and agitated overnight at 4°C
with Cy5 anti-rabbit secondary antibody (1:100) for TH detection and
FITC-conjugated streptavidin for biocytin detection. Images were taken
with an LSM 510 META microscope (Zeiss). The colors of TH and bio-
cytin immunostaining were switched using the LSM program (Zeiss) so
that TH was green, consistent with the color of TH immunostaining in
other experiments (see Figs. 2D, 4B). TH staining of the VTA from
GDNF-injected (see Fig. 2 D) and Dil-injected (see Fig. 4 B) animals was
done as described by Carnicella et al. (2008).

TH immunostaining stated otherwise was done as described by
Carnicella et al. (2008)

Terminal deoxynucleotidyl transferase-mediated biotinylated
UTP nick end labeling staining

Eighteen days after intra-NAc injection of virus, VTA sections were pre-
pared and permeabilized with 50% ethanol in PBS for 20 min, rinsed in
PBS, incubated in terminal deoxynucleotidyl transferase-mediated bio-
tinylated UTP nick end labeling (TUNEL) reaction mixture (In Situ cell
detection kit; Roche Applied Science) for 1 h at 37°C according to the
vendor’s protocol, rinsed, and processed for TH immunostaining as de-
scribed by Carnicella et al. (2008).
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In vivo application of GDNF

and Adv-shGDNF

Intra-VTA infusions. GDNF was infused into
the VTA as described previously (Carnicella et
al., 2008). Briefly, GDNF (10 g in 1 ul of PBS)
or vehicle (PBS) was bilaterally injected into
the VTA [in mm: —4.8 anteroposterior (AP),
+0.75 mediolateral (ML), —7.8 dorsoventral
(DV)] of rats. VTA slices were then prepared
for electrophysiological recordings 10 min af-
ter the injections.

Intra-NAc infusions. Rats were anesthetized
with isoflurane. The tip of the injector (31
gauge; Small Parts) was stereotaxically posi-
tioned into the NAc. The injector was con-
nected to a Hamilton syringe (10 ul) that was
driven by an automatic pump (Harvard Appa-
ratus). The injection speed was 0.2 ul/min. In-
fusions of GDNF (10 ugin 2 ul of saline, or 2 ul
of saline as vehicle) and viruses (Adv-shGDNF
or Adv-SCR 0.35 X 10'° TU/ml, 2 ul) into the
NAc were made bilaterally or unilaterally (for
detection of ERK1/2 phosphorylation). For
dual-site injections, GDNF or vehicle (saline)
was infused into the NAc 7-11 d after intrapre-
frontal cortex (PFC) injection of Dil (see be-
low). Each side of the NAc received four
injections, varying the AP and DV axes (in mm:
+1.7 AP1, +1.1 AP2, =1.3 ML, —7.2 DV1,
—6.8 DV2) to reach a maximal area in the NAc.
Twelve hours after injections, coronal sections
of the NAc were prepared for placement verifi-
cation, coronal sections of the VTA were
prepared for immunostaining of phospho-
ERK1/2 and TH using a procedure described
previously (Carnicella et al., 2008), and hori-
zontal sections of the VTA were used for elec-
trophysiology recordings. For retrograde
labeling of NAc-projecting VTA neurons, Dil
(0.3 pl, in 7% ethanol) was bilaterally injected
into the NAc (inmm: +1.5AP, £1.3 ML, —7.2
DV). Seven to 10 days after injection, coronal sec-
tions of the NAc were prepared for thionin
(0.2%) staining to verify injection placements,
coronal sections of the VTA were prepared for
TH staining to examine the overlay of Dil- and
TH-labeled cells, and horizontal sections of VTA
were used for electrophysiology recordings.

Intra-PFC injection. Dil (0.3 ul, 7% in etha-
nol) was bilaterally injected into the medial
PFC (in mm: +2.6 AP, =0.78 ML, —4.0 DV).

Cloning and preparation of GDNF small hairpin RNA

recombinant adenovirus
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Figure 1. Viral-mediated downregulation of GDNF mRNA in the NAc does not alter evoked firing but leads to a decrease in
spontaneous firing rate of VTA neurons. Recombinant adenovirus containing GDNF shRNA (Adv-shGDNF) or scrambled RNA (Adv-
SCR) were bilaterally infused into the NAc of rats. 4, Viral infection in the NAc was confirmed by GFP fluorescence 18 d after injection
(D18). The white boxes in @and b indicate the position of the MSN shown in b and the position of the spiny dendrite shown in cand
d (c and d are the same dendrite in color and black and white, respectively). Scale bars: @, 2 mm; b, 50 wm; ¢, 10 wm. B,
Adv-shGDNF decreases GDNF expression in the NAc. The NAc tissue from Adv-shGDNF- and Adv-SCR-infected rats was dissected at
D18 for quantitative reverse transcription-PCR analysis of mRNA levels of GONF. The bar graph depicts the average GONF/GAPDH
ratio. *p << 0.05. n = 5 rats for each group. ¢, Downregulation of GDNF in the NAc does not alter the frequency of VTA neuronal
firing evoked by somatic currentinjections. Cellmembrane potentials were brought to —60 mVin whole-cell current-clamp mode,
and a depolarization step of 120 pA (0.5 s) was injected to induce evoked firing. Left, Sample voltage trace response to the current
injection in slices from Adv-SCR (SCR; top)- and Adv-shGDNF (shGDNF; bottom)-treated rats. Calibration: 30 mV, 100 ms. Middle
and right, Bar graphs depicting no difference in firing rate (middle) and latency (right) of evoked VTA neuronal firing between
Adv-SCR- and Adv-shGDNF-treated rats. The frequency was measured between the first two spikes. n = 35 (SCR) and n = 34
(shGDNF) neurons from 13 rats for each group. The latency was defined as the duration between the onset of current injection to
the peak of the first spike. n = 36 (SCR) and n = 35 (shGDNF) neurons from 13 rats for each group. D, Downregulation of GDNF in
the NAc decreases the spontaneous firing rate of VTA neurons. Left, Representative traces of spontaneous firing of VTA neurons in
Adv-SCR (SCR; top)- and Adv-shGDNF (shGDNF; bottom)-infected rats. Note that the interspike interval is larger (thus the frequency
is lower) in the hottom trace than in the top trace. Right, Cumulative probability (Cumulative Pro.) plot comparing individual
neurons in slices from Adv-shGDNF- and Adv-SCR-treated rats. *p << 0.05, Kolmogorov—Smirnov test.n = 33 neurons from 9 rats
for each group. See also supplemental Figure 1, available at www.jneurosci.org as supplemental material.

sequence of siGDNF, GTCTGGGTTCAGTCACTGTA was designed and
prepared in parallel. Viruses were amplified in HEK293 cells, followed by
purification using the Adeno-X Virus Purification kit (Clontech), and
titered based on GFP-visualized infection. Recombinant viruses were

A 20-nucleotide (nt) GDNF small interfering RNA (siRNA) sequence
(siGDNF), ATGTCACTGACTTGGGTCTG, was designed using the on-
line siRNA Retriever (http://cancan.cshl.edu/RNAi_central/). This
siGDNF sequence targets the coding domain of the GDNF mRNA and
was used for vector-based small hairpin RNA (shRNA) expression. Two
complementary oligonucleotides were synthesized as follows: 5'-
GATCCC (20 nt, sense) TTGATATCCG (20 nt, antisense), TTTTTT-
CCAAA-3" and 3'-GG (20 nt antisense) AACTATAGGC (20 nt, sense)
AAAAAAGGTTTTCGA-5', flanked by Bam H1 and HindIII residues. The
paired oligonucleotides were annealed and ligated into the pRNAT-H1.1/
Shuttle (GenScript Corporation), a green fluorescent protein (GFP)-
containing adenoviral shuttle siRNA vector. Recombinant sequences
were confirmed before subcloning into the adenoviral vector Adeno-X
(Clontech). Preparation of adenoviruses was performed according to the
Adeno-X Expression System 1 user manual (Clontech). The scrambled

used to infect C6 glioma cells or a stable SHSY5Y cell line that overex-
presses GDNF (He and Ron, 2006) at a multiplicity of infection of 20, and
downregulation of GDNF after infection was measured thereafter (sup-
plemental Fig. S1A, available at www.jneurosci.org as supplemental
material).

Brain sample collection and quantitative reverse
transcription-PCR

Eighteen days after viral infusion, brain tissue containing the NAc was dis-
sected. Total RNA was isolated, and reverse transcription of mRNA into
c¢DNA was conducted using the oligo(dT) primers. The reverse transcription
reaction was conducted at 42°C for 30 min. The resulting cDNA samples
were amplified by TagMan quantitative PCR using commercially available
primer/probe kits from Applied Biosystems for GDNF (Gene Expression
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detect the level of phospho-ERK1/2, slices were
pretreated with TTX (1 um) and MK-801 (20
M) for 30 min to block activity- and NMDA
receptor-dependent changes in the level of
— phospho-ERK1/2. Slices were then incubated
with GDNF (400 ng/ml) for 45 min in the con-
tinuous presence of TTX and MK-801. At the
end of the treatment period, the slices were
quickly sonicated in radioimmunoprecipita-
tion assay buffer (50 mm Tris-HCI, pH 7.4, 5
— mM EDTA, 120 mm NaCl, 1% NP-40, 0.1%
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Figure 2.

supplemental material.

Assay Rn00569510_m1) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; Gene Expression Assay Rn99999916_s1) as the internal control.

Standard reverse transcription-PCR

Five or 18 days after viral infusion, brain tissue containing the NAc or the
VTA was dissected. Total RNA was isolated with TRIzol reagent and used
for reverse transcription with the reverse transcription system at 42°C for
30 min. PCR was performed with GAPDH as an internal control, as de-
scribed previously (Carnicella et al., 2009). Thirty-two cycles were per-
formed to measure the expressions of GDNF, TH, and nerve growth factor
(NGF). Primers were used as follows: rat GDNF, upstream 5 -GACGTCAT-
GGATTTTATTCAAGCCACC-3' and downstream 5’-CTGGCCTACTT-
TGTCACTTGTTAGCCT-3'; rat TH, upstream 5'-GAAGCTGATTGC-
AGAGATTGC-3’" and downstream 5'-GCTCAGGTGAATGCATAGGTG-
3'; rat NGF, upstream 5'-ACACTCTGGATCTAGACTTCCAGG-3’ and
downstream 5'-AGGCAAGTCAGCCTCTTCTTGTAG-3'.

Western blot analysis

Midbrain slices were prepared as above. After recovery for at least 1 h,
midbrain slices (150 wm) containing the VTA were dissected. To detect
the phosphorylation level of Ret, slices were treated with GDNF (400
ng/ml) for 45 min at room temperature in artificial CSF (aCSF). To

LA U vr—T Tr

Vehicle

pERK1/2

Overlay

Intra-NAc infusion of GDNF causes increased spontaneous firing, altered synaptic drives, and ERK activation in VTA
neurons. GDNF (10 g/2 wl) and/or vehicle were bilaterally (A-C) or unilaterally (D) infused into the NAc, and VTA slices were
prepared 12 h later [the time point was chosen based on a previous study (Tomac etal., 1995b)]. 4, In vivo infusion of GDNF into the
NAc elicits an increase in the firing rate of VTA neurons. The cumulative probability plot comparing spontaneous firing rates of
individual neuronsin VTA slices from vehicle-treated (black circles) and GDNF-treated (red circles) ratsis shown. **p << 0.01 versus
vehicle, Kolmogorov—Smirnov test. n = 19 cells from 3 rats for each group. B, €, NAc-derived GDNF increases excitatory but
decreasesinhibitory synaptic drives to VTA neurons. B, Sample traces of mEPSCs (top) and mIPSCs (bottom) after intra-NAcinfusion
of vehicle or GDNF. Calibration: mEPSCs, 0.2 sand 15 pA; mIPSCs, 0.3 s and 60 pA. C, Bar graphs summarizing the mean frequencies
(top) and amplitudes (bottom) of mEPSCs and mIPSCs. n = 11 (mEPSCs, vehicle), n = 12 (mEPSCs, GDNF), n = 15 (mIPSCs,
vehicle), and n = 16 (mIPSCs, GDNF) slices. *p << 0.05; **p << 0.01, t test. D, Intra-NAc infusion of GDNF into the NAc leads to
ERK1/2 phosphorylation in VTA DA neurons. Images show dual-channel immunofluorescence for p-ERK1/2 (red), TH (green), and
overlay (yellow). Images are representative of results from two rats. Scale bars: left, 500 m; right, 50 wm. Histological verification
of placement of GDNF and vehicle infusions into the NAc is shown in supplemental Figure S2, available at www.jneurosci.org as

Y deoxycholate, and 0.5% SDS) containing pro-
tease and phosphatase inhibitors. After a 30
min incubation of the lysate on ice, 25 ug of
protein was resolved in NuPAGE 4-12% Bis-
Tris gels (Invitrogen). Anti-phospho-Ret and
anti-phospho-ERK1/2  antibodies (1:2000)
were used to detect the phosphorylation levels
of Ret and ERK1/2. ECL reaction was used for
detection of signal, which was digitally scanned
using a STORM detector. After detection,
membranes were incubated in stripping buffer
(25 mm glycine-HCl and 1% SDS, pH 3, for 30
min at room temperature) and reprobed with
anti-Ret or anti-ERK2 antibodies (1:1000 for
Ret, 1:2000 for ERK2). Densitometric analysis
was performed using Image] software (Na-
tional Institutes of Health).

GDNF

Intra-NAc infusion of 6-OHDA

Thirty minutes before 6-OHDA infusions, rats
were administered with desipramine (15 mg/
kg, i.p.) to prevent the uptake of 6-OHDA into
noradrenergic nerve endings. 6-OHDA was
dissolved in saline (8 ug/ul) and ascorbate (0.1
png/ul). 6-OHDA (1.5 ul) was bilaterally (for
electrophysiological recordings) or unilaterally
(for immunohistochemical studies) infused
into the NAc (see above for coordinates). For
electrophysiology experiments, Dil was in-
fused into the PFC (see above for coordinates)
to label PFC-projecting VTA neurons. Three
weeks later, GDNF (10 ug/2 ul) or vehicle was
bilaterally infused to the NAc. Twelve hours
after GDNF/vehicle infusion, animals were
anesthetized, and brains were removed for
electrophysiological recordings or immuno-
histochemical studies.

In vivo microdialysis

Surgery. Adult male Long—Evans rats (350400 g; Harlan) were anesthe-
tized with isoflurane (Baxter Health Care Corporation) or equithesin
(1% pentobarbital, 2% magnesium sulfate, 4% chloral hydrate, 42% pro-
pyleneglycol, 11% ethanol, and injected i.p. at 3 ml/kg). Unilateral guide
cannulae for microinjection (26 gauge; Plastics One) were placed dorsal
to the VTA (in mm: —5.6 AP, =0.8 ML, —7.4 DV, relative to the
bregma), and guide cannulae for the microdialysis probes (CMA/11,
CMA microdialysis) were placed dorsal to the NAc (in mm: +1.7 AP,
+1.0 ML, —6.4 DV, relative to the bregma). After the surgery, animals
were allowed to recover for 2—4 d.

Microinjection and microdialysis procedure. Microdialysis was per-
formed as described previously (Zapata and Shippenberg, 2005). In the
evening before the experiment, probes (2 mm membrane length) were
inserted into guide cannulae and connected to the dialysis system. Rats
were housed in the microdialysis chamber with food and water, and the
probes were perfused overnight (0.3 wl/min) and 1 h before (1 ul/min)
experiments with aCSF (in mm: 145 NaCl, 2.8 KCl, 1.2 MgCl,, 1.2 CaCl,,
0.25 ascorbic acid, and 5.4 p-glucose, pH 6.5-7.0 adjusted with NaOH).
Fresh aCSF was loaded, and probes were equilibrated over 1 h at a flow
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rate of 0.6 ul/min before the beginning of the
sample collection. GDNF (10 ug/ul) or PBS
and/or U0126 (0.5 ug/ul) or its vehicle (5%
DMSO and 6% Tween 80 in PBS) was infused
over 2 min into the VTA via injection cannulae
(33 gauge; Plastics One) extending 1.0 mm be-
yond the guide cannula tip. To confirm the
functional connectivity between the VTA infu-
sion site and the NAc dialysate collection site,
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2.5 h later, the GABAy receptor agonist ba-
clofen (75 ng/ul) was infused into the VTA to
inactivate DA neurons. Connectivity was veri-
fied by the resulting decrease in NAc DA con-
centrations. Rats showing no decrease in NAc
DA levels after the infusion of baclofen were
excluded from the analyses. Dialysis fractions
were collected every 15 min, frozen at —80°C,
and analyzed for DA content within 48 h using
HPLC electrochemical detection.

DA-level determination. DA levels in the
dialysate samples of the first microdialysis
experiment (effect of intra-VTA infusion of
GDNF on NAc DA overflow) (see Fig. 7A)
were determined as described by Zapata and
Shippenberg (2005). The chromatographic
system used to determine the DA levels in the
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dialysate samples of the second microdialysis
experiment (including the intra-VTA infu-
sion of the MAPK/ERK kinase (MEK) inhib-
itor U0126 (Fig. 7B) consisted of a Model 584
pump and a microtiter Model 540 (ESA), a
Coulochem Il amperometric detector with a
Model 5011A dual-detector analytical cell
(guard cell, 275 mV; E1, —150 mV; E2, 220
mV; ESA), and a microbore column (50
mm X 1.5mm X 3 um; Shizeido Company).
The mobile phase (150 mm NaH,PO,, 4.76
mM citric acid, 50 um EDTA, 3 mm SDS, 8%
methanol, and 10% acetonitrile, pH 5.6 ad-
justed with NaOH) was run at a flow rate of
0.2 ml/min. DA was quantified by comparing
DA peaks from dialysate samples with exter-
nal standards. Under these conditions, the

Figure 3.  GDNF in the VTA increases the spontaneous firing rate of DA neurons in a MAPK-dependent manner. 4, Intra-VTA
infusion of GDNF produces an increase in the spontaneous firing rate of VTA neurons. GDNF (10 r.g/pl) or vehicle was bilaterally
infused into the VTA, and slices were prepared 10 min later. The cumulative probability plot was constructed to compare the firing
rates of individual neurons in slices from vehicle- and GDNF-treated rats. **p < 0.01 versus vehicle, Kolmogorov-Smirnov test.
n = 12 cells from 3 rats for each group. B-D, Bath-applied GDNF increases the spontaneous firing frequency of DA neurons. B,
Sample traces of spontaneous firing in a tight-seal, cell-attached recording before (Baseline) and during (14 min) bath application
of GDNF (200 ng/ml). Scale bar, 0.5 5. €, Averaged time course showing that bath application of GDNF (200 ng/ml; filled circles; n =
14), but not its heat-inactivated form (Heat-inact.; GDNF, 200 ng/ml; open circles; n = 8), induced an increase in the firing
frequency of neurons. The horizontal bar depicts the application duration of GDNF or its inactivated form. For inactivation, GDNF
was heated at 95°Cfor 1 h. D, Dose—response of GDNF-induced enhancement of the firing rate. *p << 0.05 versus baseline.n = 10,
8,and 15, for 50, 100, and 200 ng/ml GDNF, respectively. E, F, GDNF enhancement of the spontaneous firing rate of VTA neurons
requires the activation of the MAPK pathway but not the PI3K pathway. Slices were pretreated with PD 98059 (10 i) or LY 294002
(25 pm) for 45 min, and GDNF's (200 ng/ml) effect on the firing rate was tested in the continuous presence of the inhibitors. E,
Firing rate of neurons in the presence of PD 98059 before and during GDNF application. F, Bar graph summarizing the effect of PD
98059 and LY 294002 on the firing rate of neurons in response to GDNF. *p << 0.05 versus baseline.n = 9 (PD 98059) and n = 11
(LY 294002). p = 0.15 for the difference in firing rate before and during GDNF application in the continuous presence of PD 98059.
See also supplemental Figure S3, available at www.jneurosci.org as supplemental material.

retention time for DA was 3 min, and the
limit of detection was below 0.3 nMm (at a
signal-to-noise ratio of 3:1).

Histology. Locations of cannulae and microdialysis probe placements were
verified in 30-um-thick coronal slices after cryostat sectioning, and subjects
with misplaced injectors or probes were excluded from the analyses.

Statistical analysis

All values are expressed as mean = SEM, unless stated otherwise. Statis-
tical significance of electrophysiological and biochemical data was ana-
lyzed by paired or unpaired Student’s ¢ test unless stated otherwise. The
microdialysis data were analyzed by a two-way ANOVA (mixed within-
subject design). Significant interaction was further investigated by using
the method of contrasts or the Student—-Newman—Keuls test.

Results

Downregulation of GDNF expression in the NAc decreases
spontaneous but not evoked firing frequency of VT A neurons
First, we tested whether endogenous GDNF in the NAc regu-
lates the evoked firing activity of VT A DA neurons. To do so, we
used viral-mediated gene delivery to downregulate the expression
level of GDNF in the NAc and examined the consequence of
GDNF knockdown on the level of evoked firing activity of DA
neurons in the VTA. An adenovirus expressing shRNA against
GDNF mRNA (Adv-shGDNF) (supplemental Fig. S1A, available at

www.jneurosci.org as supplemental material) was stereotaxically
and bilaterally infused into the NAc of rats (Fig. 1 Aa). Intra-NAc
administration of Adv-shGDNF led to infection of medium spiny
neurons (MSNs) (Fig. 1 Ab—Ad), which are the principal neurons of
the NAc that produce GDNF (Oo et al., 2005). Infection of neurons
with Adv-shGDNF produced an ~50% reduction in GDNF mRNA
levels in the NAc 18 d after infusion of the virus (Fig. 1 B; supplemen-
tal S1B, available at www.jneurosci.org as supplemental material).
The knockdown of GDNF expression was time dependent (sup-
plemental Fig. S1B, available at www.jneurosci.org as supplemental
material) and specific, as the mRNA level of another growth factor,
NGF, was unaltered (supplemental Fig. S1 B, available at www.
jneurosci.org as supplemental material).

Next, we determined whether the downregulation of GDNF
expression in the NAc alters the evoked firing of neurons in the
VTA, 18 d after viral infusion. To do so, we used whole-cell
current-clamp recordings, in which a depolarizing step current of
120 pA was injected to induce firing with the first two-spike fre-
quency of 10 Hz (Fig. 1C, left) as described previously (Yangetal.,
2001). No differences in firing frequency (Fig. 1C, middle) or
latency to the first spike (Fig. 1C, right) were observed between
neurons from rats infected with Adv-shGDNF and rats infected
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Figure4.  GDNF increases the firing of the NAc-projecting DA neurons in the VTA. The retrograde
tracer Neuro-Dil wasinjected bilaterally into the NAc. 4, Representative coronal section confirming the
injection sites within the NAc. Arrows indicate tracer deposit. The double arrows indicate the anterior
commissure. Scale bar, 1 mm. B, Representative images showing that numerous Neuro-Dil-labeled
VTA neurons are also TH positive. Shown are dual-channel fluorescentimages for Dil (red), TH (green),
and overlay (yellow). The arrowheads indicate cells labeled with Dil and stained for TH (right). Scale
bars: left, 500 wm; right, 50 um. €, Representative images showing a Dil-labeled VTA neuron that
was selected for electrophysiology. Top, Red fluorescentimage. Bottom, DICimage. Scale bar, 20 pum.
D, Bar graph summarizing the mean increase by GDNF (200 ng/ml) in the firing rate of Neuro-Dil-
labeled VTA neurons. *p << 0.05.n = 8 cells.
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1D, left), we compared the spontaneous firing rate of VTA neu-
rons from Adv-SCR- and Adv-shGDNF-infected rats. Interest-
ingly, we observed that the spontaneous firing rate of VTA
neurons was markedly decreased in the Adv-shGDNF-treated
rats compared with those treated with Adv-SCR (Fig. 1D)
(shGDNF, 2.74 = 0.21 Hz; SCR, 3.57 = 0.26 Hz; p < 0.05, ¢
test).

Pascual et al. (2008) recently reported that conditional knock-
out of GDNF in adult mice leads to a loss of TH mRNA and to a
decrease in the number of DA neurons in the VTA 3 and 7
months after the onset of the knock-out, respectively. We there-
fore tested whether knockdown of GDNF in the NAc resulted in
cell death of VTA DA neurons. We found that the short-term (18
d), 50% reduction in the GDNF level in the NAc did not produce
achange in the mRNA level of TH in the VTA (supplemental Fig.
S1C, available at www.jneurosci.org as supplemental material),
or in the number of TH-immunoreactive neurons (supplemental
Fig. S1D, available at www.jneurosci.org as supplemental mate-
rial), and no significant neuronal cell death was detected in the
VTA as measured by TUNEL staining (supplemental Fig. S1D,
available at www.jneurosci.org as supplemental material). These
results indicate that attenuation of the spontaneous firing rate of
VTA neurons by downregulation of NAc GDNF levels is unlikely
to be attributed to cell death of VTA DA neurons. Together, these
results suggest that NAc-produced endogenous GDNF is re-
quired for maintaining the normal spontaneous firing activity of
VTA neurons.

Intra-NAc application of GDNF activates the MAPK pathway
and increases neuronal firing in the VTA

If GDNE, produced in the NAg, is transported to the VTA to
regulate the spontaneous firing rate of DA neurons, then in-
fusion of recombinant GDNF into the NAc of rats should
increase the spontaneous firing activity of VTA neurons. To
test this possibility, we bilaterally infused GDNF or vehicle
into the NAc of rats and measured the spontaneous activity of
VTA neurons in slices prepared 12 h after injection. We found
that the spontaneous firing rate of VT A neurons was higher in
rats that received intra-NAc infusion of
GDNF than in rats that were infused
with vehicle (Fig. 2A) (GDNF, 4.84 =
0.28 Hz; vehicle, 3.16 * 0.28 Hz; p <
0.01, t test).

Unlike the evoked firing activity that is
determined primarily by the intrinsic ex-
citability of neurons (Yang et al., 2001;
Hahn et al., 2003), the spontaneous firing
activity is controlled by both the intrinsic
excitability (Liss et al., 2001; Khaliq and
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with a control adenovirus expressing the Adv-SCR. These results
suggest that endogenous GDNF in the NAc does not regulate the
evoked firing of VTA neurons.

DA neurons also exhibit spontaneous tonic firing (Grace and
Bunney, 1984). Therefore, using cell-attached recordings (Fig.

Firing Rate (Hz)

Intra-NAc infusion of GDNF leads to an increase in spontaneous firing rate of PFC-projecting VTA neurons. GDNF (10
g/ 2 wl) was bilaterally infused into the NAc 7-11 d after intra-PFCinfusions of Dil. VTA slices were prepared 12 h after GDNF
infusion, and the spontaneous firing of Dil-labled PFC-projecting neurons was measured. 4, Representative coronal section con-
firming the injection sites within the PFC. Arrows indicate Dil deposit. Scale bar, 0.5 mm. B, Cumulative probability (Cumulative
Pro.) plot comparing spontaneous firing rates of individual neurons in slices from vehicle-treated (black circles) and GDNF-treated
(red circles) srats. **p << 0.01 versus vehicle, Kolmogorov—Smirnov test. n = 22 cells from 5 rats for each group.

4 8 Bean, 2010) and the extrinsic synaptic
drive (Johnson et al., 1992). To test
whether the distinct effect of NAc-derived
GDNF on the spontaneous, but not on the
evoked, firing rates results from changes
in synaptic drive, we measured the level of
mEPSCs and mIPSCs of VTA neurons
12 h after intra-NAc infusion of GDNF.
We found that GDNF treatment causes a
small but significant increase in the amplitude, but not in the
frequency, of mEPSCs (Fig. 2 B, C). In addition, we observed that
GDNF application leads to decreases in both the amplitude and
the frequency of mIPSCs (Fig. 2 B, C). These results suggest that
NAc-derived GDNF regulates the extrinsic synaptic drive (i.e.,
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increases the excitatory, but decreases the inhibitory, synaptic
strength to the neurons).

The GDNF receptors GFRal and RET are highly expressed in
the VTA (Trupp et al., 1997). After receptor ligation, GDNF ac-
tivates several signaling cascades including the MAPK, ERK1/2-
mediated pathway (Airaksinen and Saarma, 2002). Therefore, we
tested whether intra-NAc infusion of GDNF also leads to the
activation of the ERK1/2 in the VTA. GDNF was infused into the
NAc of one hemisphere, and vehicle was injected into the other
hemisphere (supplemental Fig. S2, available at www.jneuro-
sci.org as supplemental material), and the activation of ERK1/2
was assessed by measuring the phosphorylation level of the en-
zyme in VTA slices, 12 h after infusion. We found that the level of
phospho-ERK1/2 in DA neurons was significantly higher in the
side ipsilateral to the intra-NAc infusion of GDNF compared
with that of the vehicle infusion (Fig. 2 D). Together, these results
suggest that NAc-derived GDNF activates the MAPK pathway
and increases the spontaneous firing rate of VTA DA neurons.

GDNF enhancement of VTA neuronal firing requires the
activation of the MAPK pathway

If GDNF in the NAc is transported to the VTA to regulate the
spontaneous firing of VTA neurons via ERK1/2, then the activa-
tion of the GDNF pathway directly in the VTA should produce
the same response. First, we tested whether intra-VTA infusion of
GDNEF in vivo alters the spontaneous firing activity of VTA neu-
rons. To do so, GDNF or vehicle was infused bilaterally into the
VTA of rats, slices were prepared 10 min after infusion, and the
spontaneous firing activity of neurons was measured after slice
recovery. As shown in Figure 34, intra-VTA application of GDNF
produced an increase in the spontaneous firing frequency of VTA
neurons.

Next, we tested whether the activation of the MAPK pathway
is required for GDNF-mediated increase in spontaneous activity
of VTA neurons. As shown in Figure 3B-D, bath application of
GDNF, but not heat-inactivated GDNF, induced a dose-
dependent and rapid increase in the spontaneous firing rate of
VTA neurons that exhibited large hyperpolarization-activated
cation currents (I,) and were TH positive (supplemental Fig.
S3A,B, available at www.jneurosci.org as supplemental mate-
rial) but did not alter the activity of neurons that were small
and TH negative (supplemental Fig. S3C-E, available at www.
jneurosci.org as supplemental material). Next, we confirmed
that application of GDNF leads to the activation of the Ret
receptor and to the activation of ERK1/2 in midbrain slices
(supplemental Fig. S3F, G, available at www.jneurosci.org as
supplemental material). Finally, we determined the contribu-
tion of ERK1/2 to the GDNF-mediated increase in the spon-
taneous firing rate of VTA DA neurons, by measuring the
effects on GDNF on the spontaneous firing rate of neurons in
the presence of PD 98059, a specific inhibitor of the MEK that
phosphorylates and activates ERK1/2. PD 98059 did not alter
the activity of VTA neurons (supplemental Fig. S3H, available
at www.jneurosci.org as supplemental material), and GDNF
failed to induce an increase in the firing rate of VTA DA neu-
rons in slices pretreated with the inhibitor (Fig. 3E,F). In
contrast, blockade of the PI3K pathway with the specific in-
hibitor LY 294002 did not alter the GDNF-mediated increase
in the level of spontaneous firing of VT'A DA neurons (Fig.
3F). Together, these results suggest that GDNF in the VTA
increases the spontaneous firing rate of VTA DA neurons via
the activation of the MAPK pathway.
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Figure 6.  6-OHDA-mediated lesions of DAergic fibers in the NAc attenuates NAc GDNF-
induced activation of VTA ERK1/2 and enhancement of the spontaneous firing rate of PFC-
projecting VTA neurons. 6-OHDA was unilaterally (A, B) or bilaterally (C) infused into the NAc.
For electrophysiology experiments (C), Dil was also bilaterally infused into the PFC. Three weeks
after the infusion of 6-OHDA, vehicle (4) or GDNF (10 eg/2 wul; B, €) was bilaterally infused into
the NAc. Twelve hours after GDNF infusion, animals were perfused, and brains were removed to
examine the immunoreactivity of TH (4) and p-ERK1/2 (B). The spontaneous firing of Dil-
labeled, PFC-projecting VTA neurons was measured in parallel (€). 4, Image depicts TH staining
inthe whole striatum after 6-OHDA (left) and vehicle (right) infusion into the NAc. The reduction
of TH level in the area defined by the dashed line contains the majority of the NAc. Scale bar, 1
mm. B, Intra-NAcinfusion of 6-OHDA reduces subsequent GDNF-mediated increase in p-ERK1/2
levels in the VTA. The image shows ERK1/2 phosphorylation in the VTA after unilateral 6-OHDA
(left) and subsequent bilateral GDNF infusions into the NAc. Scale bar, 500 wm. C, 6-OHDA
lesion of DAergic fibers in the NAc abolishes NAc-derived GDNF enhancement of the spontane-
ous firing rate of PFC-projecting VTA neurons. The cumulative probability plot comparing the
firing rate of neurons from GDNF (red)- and vehicle (black)-infused animals is shown. n = 39
(vehicle) and n = 42 (GDNF). p > 0.05, Kolmogorov—Smirnov test.

GDNF increases the spontaneous firing rate of NAc- and
PFC-projecting VTA DA neurons

The VTA contains neurons that project to the NAc, a brain
region that produces GDNF. We therefore examined whether
GDNEF alters the spontaneous firing rate of VTA neurons that
project to the NAc. To do so, we injected the retrograde tracer,
Neuro-Dil, into the NAc (Fig. 4 A); the tracer was retrogradely
transported to the cell bodies in the VTA (Fig. 4B). As shown
in Figure 4 B, most of the Dil-labeled neurons are TH positive
(i.e., DA neurons). We then tested the effect of GDNF on the
firing of Dil-labeled NAc-projecting neurons (Fig. 4C) in VTA
slices and found that bath application of GDNF induced an
increase in the spontaneous firing frequency of VTA neurons
projecting to the NAc (Fig. 4D). These results suggest that
GDNF increases the spontaneous firing rate of NAc-projecting
DA neurons.
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Figure7.  Application of GDNF into the VTA causes a rapid and sustained elevation of DA overflow in the NAc that is blocked by
inhibition of the MAPK pathway. 4, Left, Time course of dialysate concentrations of DA from the NAc before and after intra-VTA
infusion of 10 g/l per side (filled circles) or vehicle (Veh; open circles). Two-way ANOVA (treatment X fractions) shows a
significant effect of treatment (F; ;5¢) = 9.40; p << 0.01) and fraction (F 3 450, = 4.88; p < 0.001) and a significant interaction
between both factors (F3 159) = 2.75; p << 0.01). Post hoc analysis using the method of contrasts shows a significant difference
between the vehicle and the GDNF conditions from fractions 5to 14 (T > 1.81; p < 0.05). The basal concentration of DA in dialysate
was 1.97 = 0.53 and 2.14 = 0.42 nw for the Veh and GDNF groups, respectively. Right, Bar grap