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BDNF Interacts with Endocannabinoids to Regulate Cocaine-
Induced Synaptic Plasticity in Mouse Midbrain Dopamine
Neurons

Peng Zhong,"* Yong Liu,">* Ying Hu,' Tong Wang,' “Yong-ping Zhao,"* and Qing-song Liu'

Department of Pharmacology and Toxicology, Medical College of Wisconsin, Milwaukee, Wisconsin 53226, 2Research Center for Biochemistry & Molecular
Biology, Jiangsu Key Laboratory of Brain Disease Bioinformation, Xuzhou Medical College, Jiangsu, 221002, China, and Reproductive Center, Peking
University People’s Hospital, Beijing, 100044, China

Brain-derived neurotrophic factor (BDNF) and endocannabinoids (eCBs) have been individually implicated in behavioral effects of
cocaine. The present study examined how BDNF-eCB interaction regulates cocaine-induced synaptic plasticity in the ventral tegmental
area and behavioral effects. We report that BDNF and selective tyrosine kinase receptor B (TrkB) agonist 7,8-dihydroxyflavone (DHF)
activated the TrkB receptor to facilitate two forms of eCB-mediated synaptic depression, depolarization-induced suppression of inhibi-
tion (DSI), and long-term depression (I-LTD) of IPSCs in ventral tegmental area dopamine neurons in mouse midbrain slices. The
facilitation appears to be mediated by an increase in eCB production via phospholipase Cy pathway, but not by an increase in CB, receptor
responsiveness or a decrease in eCB hydrolysis. Using Cre-loxP technology to specifically delete BDNF in dopamine neurons, we showed
that eCB-mediated I-LTD, cocaine-induced reduction of GABAergic inhibition, and potentiation of glutamatergic excitation remained
intact in wild-type control mice, but were impaired in BDNF conditional knock-out mice. We also showed that cocaine-induced condi-
tioned place preference was attenuated in BDNF conditional knock-out mice, in vivo pretreatments with DHF before place conditioning
restored cocaine conditioned place preference in these mice, and the behavioral effect of DHF was blocked by a CB, receptor antagonist.
Together, these results suggest that BDNF in dopamine neurons regulates eCB responses, cocaine-induced synaptic plasticity, and

associative learning.
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Introduction

Drugs of abuse, such as cocaine, induce long-term neuroadapta-
tions in the reward circuit that lead to addictive behavior (Hyman
et al., 2006). Brain-derived neurotrophic factor (BDNF) and en-
docannabinoids (eCBs) are important for activity-dependent
synaptic plasticity and drug-induced neuroadaptations (Gerde-
man et al., 2003; Lupica and Riegel, 2005; Heifets and Castillo,
2009; McGinty et al., 2010; Park and Poo, 2013). BDNF and eCBs
are released in response to neuronal activity and are key regula-
tors of long-term synaptic plasticity (Heifets and Castillo, 2009;
Park and Poo, 2013). BDNF in the mesolimblic dopamine system
is elevated following cocaine withdrawal (Grimm et al., 2003); the
increased BDNF following cocaine withdrawal facilitates LTP in
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the ventral tegmental area (VTA) (Pu et al., 2006) and prefrontal
cortex (Lu et al., 2010). Pharmacological and genetic manipula-
tions of BDNF and its receptor tyrosine kinase receptor B (TrkB)
altered cocaine self-administration, conditioned place preference
(CPP), and behavioral sensitization (Berglind et al., 2007; Gra-
ham etal., 2007; Bahi et al., 2008; Lobo et al., 2010; Lu et al., 2010;
Huangetal., 2011). The eCB system has been implicated in habit
learning and cocaine seeking (for review, see Gerdeman et al.,
2003; Lupica and Riegel, 2005). eCBs mediate short-term and
long-term depression (LTD) at excitatory and inhibitory syn-
apses (I-LTD) (Gerdeman et al., 2002; Marsicano et al., 2002;
Robbe et al., 2002; Chevaleyre and Castillo, 2003). eCB-mediated
synaptic plasticity represents a widespread and fundamental
mechanism by which synaptic strength and behavior can be reg-
ulated (Gerdeman et al., 2003; Heifets and Castillo, 2009). Recent
studies suggest a strong interaction between BDNF and the eCB
system (Luongo et al., 2014). BDNF increases CB, receptor ex-
pression in cultured cerebellar granule neurons (Maison et al.,
2009). BDNF depresses IPSCs in neocortical layer 2/3 pyramidal
neurons, and this depression is mediated by CB, receptors
(Lemtiri-Chlieh and Levine, 2010; Zhao and Levine, 2014). In
contrast, BDNF inhibited CB; agonist-induced depression of
IPSCs in the striatum through a mechanism mediated by altered
cholesterol metabolism and membrane lipid raft function (De
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Chiara et al., 2010). However, it remains poorly understood
whether and how BDNF interacts with eCBs to regulate cocaine-
induced synaptic plasticity.

We have shown that repeated cocaine exposure in vivo reduces
GABAergic inhibition onto VTA dopamine neurons, and eCB-
mediated I-LTD might constitute a mechanism for cocaine-
induced reduction of GABAergic inhibition (Liu et al., 2005; Pan
et al., 2008b). The present study investigated the role and mech-
anism by which BDNF-eCB interaction regulates cocaine-
induced synaptic plasticity in VTA dopamine neurons. Using
Cre-loxP technology to specifically delete BDNF in dopamine
neurons, we showed that eCB-mediated I-LTD, cocaine-induced
reduction of GABAergic inhibition, and potentiation of glutama-
tergic excitation were impaired following conditional knock-out
(cKO) of BDNF in dopamine neurons. These results suggest that
BDNF-eCB interaction is required for cocaine-induced inhibi-
tory synaptic plasticity in VTA dopamine neurons. In addition,
BDNF cKO mice exhibited impaired CPP to cocaine, suggesting
that cue-drug associated learning was impaired in these mice.

Materials and Methods

Animals. Animal maintenance and use were in accordance with protocols
approved by the Institutional Animal Care and Use Committee of
the Medical College of Wisconsin. C57BL/6] mice (Jax stock #000664),
homozygous BDNF-floxed mice (Bdnf""*F, Jax stock #004339),
heterozygous DAT-Cre™’™ mice (Jax stock #006660), and ROSA26-flox-
STOP-flox-lacZ (R26R) reporter mice (Jax stock #003474) were obtained
from The Jackson Laboratory. R26R mice were crossed with DAT-
Cre™™ mice to examine the Cre expression and effectiveness of re-
combination. Expression of Cre recombinase was identified by
immunofluorescence staining of B-galactosidase (B-gal). To generate
dopamine neuron-specific BDNF ¢KO mice, we crossed Bdnfo"/<P
mice with DAT-Cre™’™ mice to produce a compound, DAT-Cre™’~/
Bdnf** mouse line. BDNF cKO (DAT-Cre*’~ [Bdnf ") mice were
generated by crossing this compound, DAT-Cre™™/Bdnf*"*" mice with
Bdnf>™? mice. DAT-Cre™~/BDNF***" or DAT-Cre™’~/Bdnf**">"
mice were used as wild-type controls. Genotyping analysis was per-
formed by using standard PCR technique on tail biopsies. BDNF
mRNA levels in the VTA were further determined by real-time PCR.
Brain slice preparation. C57BL/6] mice, BDNF cKO mice, and their
wild-type littermates (P18-P30) of either sex were used for slice electro-
physiology. Mice were anesthetized by isoflurane inhalation and decap-
itated. Horizontal midbrain slices were prepared at 250 wm thickness
using a Leica vibrating slicer as described previously (Pan et al., 2008b).
Slices were prepared at 4°C-6°C in a sucrose-based solution containing
the following (in mm): 220 sucrose, 2.5 KCl, 1.25 NaH,PO,, 0.5 CaCl,, 7
MgSO,, 26 NaHCOj, 10 glucose, 11.6 sodium ascorbate, and 3.1 sodium
pyruvate. The slices were immediately transferred to oxygenated (95%
0,/5% CO,) ACSF containing the following (in mm): 125 NaCl, 2.5 KCl,
2 CaCl,, 1 MgCl,, 1.25 NaH,PO,, 26 NaHCOj,, and 10 glucose. The slices
were allowed to recover at 35°C for 30 min and then incubated at room
temperature for at least 30 min before patch-clamp recordings.
Electrophysiology. Whole-cell patch-clamp recordings were made
using patch-clamp amplifiers (Multiclamp 700B) under infrared-
differential interference contrast microscopy. Data acquisition and anal-
ysis were performed using DigiData 1440A digitizer and analysis software
pClamp 10 (Molecular Devices). Signals were filtered at 2 kHz and sam-
pled at 10 kHz. Dopamine neurons in the VTA were identified by long
duration (>1.5 ms) of spontaneous action potentials in cell-attached
configuration (Chieng et al., 2011) and the presence of large I, currents,
rhythmic firing at low frequency, and prominent afterhyperpolarization
in whole-cell mode (Johnson and North, 1992; Jones and Kauer, 1999;
Liuetal.,, 2005). Neurons were voltage-clamped at —70 mV unless stated
otherwise. For recording of evoked IPSCs, electrical stimulation was
delivered by a bipolar tungsten stimulation electrode (WPI) that was
placed ~150 wm rostral to the recorded dopamine neuron. Glutamate
receptor antagonists CNQX (20 um) and p-AP-5 (50 um) were present
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in the ACSF throughout the experiments. For the experiments of
depolarization-induced suppression of inhibition (DSI), glass pipettes
(3-5 M() were filled with an internal solution containing the following
(in mm): 80 Cs-methanesulfonate, 60 CsCl, 2 QX-314, 10 HEPES, 0.2
EGTA, 2 MgCl,, 4 MgATP, 0.3 Na,GTP, and 10 Na,-phosphocreatine
(pH 7.2 with CsOH). To induce DSI, neurons were depolarized from
—70to 0mV for5s,and IPSCs were evoked at 4 s intervals. For recording
of maximal IPSCs (see Fig. 8A), neurons were voltage-clamped at —20
mV, and glass pipettes were filled with an internal solution containing the
following (in mwm): 135 Cs-methanesulfonate, 5 CsCl, 10 HEPES, 1
EGTA, 2 MgCl,, 4 Mg-ATP, 0.3 Na,GTP, and 10 Na,-phosphocreatine
(pH 7.2 with CsOH). Maximal IPSCs were elicited by gradually increas-
ing the stimulation intensity to recruit saturating IPSCs (Huang et al.,
1999; Liu et al., 2005; Pan et al., 2008b). For recording of (S)-3,5-
dihydroxyphenylglycine (DHPG)-induced inward currents, the record-
ing pipette was filled with same internal solution as that of maximal
IPSCs. A glass pipette (3—5 M{2) was filled with ACSF containing 10 um
DHPG, the tip of the pipette was positioned ~100 um to the recorded
neurons. DHPG was pressure injected via a Spritzer (Toohey). GABA, re-
ceptor blocker picrotoxin (50 um) and AMPA receptor antagonist CNQX
(10 um) were present in the ACSF. For I-LTD and mIPSC experiments,
glass pipettes were filled with an internal solution containing the follow-
ing (in mm): 100 K-gluconate, 50 KCI, 10 HEPES, 0.2 EGTA, 2 MgCl,, 4
Mg-ATP, 0.3 Na,GTP, and 10 Na,-phosphocreatine (pH 7.2 with KOH).
mIPSCs were recorded in the presence of Na * channel blocker tetrodo-
toxin (TTX, 0.5 um).

AMPA/NMDA receptor (AMPAR/NMDAR) ratio was measured
based on published studies (Saal et al., 2003; Liu et al., 2005). Evoked
EPSCs were recorded from dopamine neurons in the presence of
GABA, receptor blocker picrotoxin (50 um). Glass pipettes were
filled with an internal solution containing the following (in mm): 140
Cs-methanesulfonate, 10 HEPES, 1 EGTA, 5 tetraethylammonium chlo-
ride (TEA-CI), 2.5 MgATP, 0.3 Na,GTP, and 2 MgCl, (pH 7.2 with
CsOH). Neurons were voltage-clamped at 40 mV to record dual-
component EPSCs containing both AMPAR- and NMDAR-EPSCs that
were isolated pharmacologically. After a stable baseline recording of total
EPSCs, NMDAR antagonist D-AP5 (50 um) was then applied in the bath
for 6-10 min to isolate fast AMPAR EPSCs. NMDAR-EPSCs were
calculated as the subtraction of AMPAR-EPSCs from the total EPSCs
from the same neuron. An average of 10-20 consecutive EPSCs was
collected for the each type of EPSCs. The AMPAR/NMDAR ratio was
calculated by dividing the peak of the AMPAR-EPSC by the peak of
the NMDAR-EPSC.

Series resistance (15-30 M{)) was monitored throughout all record-
ings, and data were discarded if the resistance changed by >20%. All
recordings were performed at 32 * 1°C using an automatic temperature
controller (Warner Instruments).

Immunofluorescence staining. The experimental procedure was con-
ducted as we have previously described (Zhong et al., 2014). Mice were
anesthetized by isoflurane, and the brain was fixed by transcardial perfu-
sion with 0.1 M sodium PBS followed by 4% PFA in 4% sucrose-PBS, pH
7.4. The brain was then removed, postfixed in the same fixative for 4 h at
4°C, dehydrated in gradual concentrations of sucrose (20% and 30%) in
0.1 MmPBS at 4°C, and frozen on dry ice. Coronal VTA sections were made
at 20 um thickness with a cryostat. The sections were incubated with
primary antibodies against 3-gal (chicken, 1:1000, Abcam) and TH (rab-
bit, 1:300, Santa Cruz Biotechnology) at 4°C for 48 h. After rinsing three
times at 10 min each in PBS, the sections were incubated in the
different secondary antibodies: anti-chicken IgG AlexaFluor-568
conjugate (1:1000, Invitrogen) and anti-rabbit IgG AlexaFluor-488
conjugate (1:500, Cell Signaling Technology) for 4 h at room temper-
ature in the dark. The sections were analyzed using a Nikon Eclipse
TE-2000U confocal microscope.

RNA isolation, cDNA synthesis, and real-time PCR. To examine BDNF
mRNA levels in the VTA, BDNF ¢KO and wild-type control mice were
anesthetized by isoflurane inhalation and decapitated. VTA punches
were dissected out in RNase-free environment and were homogenized
for total RNA isolation using an RNA mini kit (Invitrogen) according to
the manufacturer’s instructions. Extracted total RNA was treated by
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(DHF; 5 mg/kg), AM251 (3 mg/kg), and
DHF + AM251 30 min before each saline or
cocaine conditioning, and CPP was performed
as described above.

Statistics. Data are presented as mean =
SEM. The magnitude and decay constant (7) of
DSI and I-LTD were calculated as we have de-
scribed (Pan et al., 2008b, 2009). mIPSCs were
analyzed using Mini-analysis (Synaptostt)
(Pan et al., 2008a). CPP scores were calculated
as the time spent in cocaine-conditioned
chamber minus that in saline-conditioned
chamber (Zhong et al., 2012; Yu et al., 2013).
Datasets were compared with either Student’s
t test, one-way or two-way ANOVA followed
by Tukey’s post hoc analysis. Results were con-
sidered to be significant at p < 0.05.

Chemicals. Cocaine hydrochloride, picro-
*% toxin, CNQX, DHF, and all other common
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| chemicals were obtained from Sigma-Aldrich.
D-AP5, BDNF, DHPG, cyclotraxin B (CTX-B),
7-(hydroxyimino)cyclopropalb]chromen-1a-
carboxylate ethyl ester (CPCCOEt), 2-methyl-
6-(phenylethynyl)pyridine hydrochloride
(MPEP hydrochloride), and TTX were ob-
tained from Tocris Bioscience.

Results
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Figure1.

receptor antagonist CTX-B (100 nm; n = 12; **p << 0.01). Error bars indicate SEM.

DNase (Bio-Rad) for 15 min to eliminate possible DNA contamination.
RNA was reverse transcribed into cDNA with an iScript cDNA synthesis
kit (Bio-Rad). Levels of BDNF and B-actin mRNAs were quantified by
real-time quantitative PCR using the following primers: BDNF, 5'-
CTCAGGCAGAATGAGCAATG-3" and 5'-AGCCGTCTGTGCTC-
TTCACT-3'; B-actin: 5-GTGACGTTGACATCCGTAAAGA-3" and
5'-GCCGGACTCATCGTACTCC-3'. Real-time quantitative PCR was
performed on a Bio-Rad CFX96 RT system using a SYBR Green supermix
kit (Bio-Rad). The AAC method was used to quantify BDNF expression
levels based on normalization to B-actin.

CPP. Cocaine CPP experiments were performed with a three-chamber
apparatus (Med Associates). The CPP protocol consisted of the following
sessions: (1) Pretest (day 1): BDNF cKO and wild-type control mice (2-3
months old) were allowed to explore three chambers freely for 20 min,
and time spent in every chamber was recorded. Mice showing uncondi-
tioned side preference (=180 s disparity) were excluded. (2) Condition-
ing (day 2-7): Cocaine conditioning. On days 2, 4, and 6, mice received
cocaine injection (15 mg/kg, i.p.) and were immediately confined to one
chamber for 30 min. On days 3, 5, and 7, mice received saline injection
(0.9% NaCl, 1 ml/kg, i.p.) and were immediately confined to the opposite
chamber for 30 min. Saline conditioning. Mice received daily saline injec-
tion (0.9% NaCl, 1 ml/kg, i.p.) and were immediately confined to one
chamber for 30 min on days 3, 5, and 7 and were confined to the opposite
chamber for 30 min on days 2, 4, and 6. (3) CPP test (day 8): All of the
animals were allowed to explore freely for 20 min between the two sides,
and time spent on each side was recorded (see Figs. 10 and 11). In sepa-
rate experiments (see Figs. 10C,D and 11), control and BDNF ¢KO mice
received intraperitoneal injections of vehicle, 7,8-dihydroxyflavone

TrkB receptor agonists enabled DSIin VTA dopamine neurons. A, A brief depolarization (5 s from —70to 0mV) did not
inducessignificant depression of IPSCs in VTA dopamine neurons, whereas bath application of BDNF (20 ng/ml) enabled DSI. Shown
are sample traces of evoked IPSCs (top) and averaged DSI (bottom). Solid lines indicate single exponential fitting curves of the
decay of DSI. B, Summary of the magnitude of DSl in the presence of vehicle or BDNF (20 ng/ml) (n = 8 or9). *p << 0.05. C, D, Bath
application of TrkB receptor agonist DHF (10 wum) enabled DSI (n = 10 or 11; **p << 0.01), which was blocked by the (B, receptor
antagonist AM251 (2 um; n = 9; ***p < 0.001), the TrkB receptor inhibitor K252a (200 nw; n = 9; **p < 0.01), or the TrkB

TrkB receptor agonists facilitated

2 eCB-mediated DSI and I-LTD

¥ Depolarization of hippocampal and cere-
bellar neurons induces transient suppres-
sion of inhibition (DSI) and excitation
(DSE), which are mediated by CB, recep-
tors (Kreitzer and Regehr, 2001; Ohno-
Shosaku et al., 2001; Wilson and Nicoll,
2001). We determined whether DSI could
be induced in mouse VTA dopamine
neurons and whether BDNF altered DSI
induction. Midbrain slices were prepared
from C57BL/6] mice, and whole-cell
voltage-clamp recordings were made from VTA dopamine neu-
rons. IPSCs were evoked by electrical stimulation of synaptic
afferents in the presence of glutamate receptor antagonists
CNQX (20 uM) and D-AP-5 (50 uM). We found that depolariza-
tion of dopamine neurons from —70 to 0 mV for 5 s did not
induce significant depression of IPSCs. Following 10 min perfu-
sion of BDNF (20 ng/ml), robust DSI was induced (vehicle, 3.9 =
6.0%, n = 9; BDNF, 29.7 * 6.3%, n = 8; Student’s ¢ test, t,5) =
2.97,p = 0.01; Fig. 1 A, B). Similarly, TrkB receptor agonist DHF
(10 M) (Jang et al., 2010) enabled DSI in VTA dopamine neu-
rons (vehicle, 2.7 = 5.1%, n = 10; DHF, 32.3 £ 6.2%, n = 11,
taey = 3.64, p = 0.002; Fig. 1C,D). DSI induced in DHF was
blocked by the CB,; receptor antagonist AM251 (2 uMm; 2.2 *=
2.8%, n = 9; t(1g) = 4.12, p < 0.001 vs DHF), the TrkB receptor
inhibitor K252a (200 nm; 3.8 * 4.2%, n = 9; t(14) = 3.64,p =
0.002 vs DHF; Fig. 1D), or the TrkB receptor antagonist CTX-B
(100 nm; 3.0 + 6.7%, n = 12; t,;) = 3.18, p = 0.004 vs DHF).
Thus, BDNF and DHF enabled DSI in VTA dopamine neurons
via activation of the TrkB receptor.

The CB, receptor also mediates LTD at excitatory and inhib-
itory synapses (I-LTD) (Gerdeman et al., 2002; Chevaleyre and
Castillo, 2003; Safo and Regehr, 2005). We next determined
whether TrkB agonists affected I-LTD in VTA dopamine neu-
rons. Repeated synaptic stimulation (10 Hz stimulation for 5



4472 - ). Neurosci., March 11,2015 - 35(10):4469 — 4481

min) did not induce significant depres-
sion of IPSCs (90.7 * 6.1% of baseline,
n =9 tue = 130, p = 0.21; Fig. 24),
suggesting that this stimulation is sub-
threshold for I-LTD induction. However,
the presence of BDNF (20 ng/ml; 64.7 =
7.5% of baseline, n = 7; t(,,) = 2.72,p =
0.002; Fig. 2B) or TrkB agonist DHF (10
uM; 63.8 * 8.5% of baseline, n = 9; ¢4, =
3.42,p = 0.004; Fig. 2C) enabled the 10 Hz
stimulation to induce I-LTD. Bath appli-
cation of BDNF (20 ng/ml; 91.8 = 6.9% of
baseline, n = 6; t(,, = 0.96, p = 0.36) or
DHF (10 uMm; 88.6 = 9.1% of baseline, n =
75t = 1.15, p = 0.27) in the absence of
the 10 Hz stimulation had no significant
effects on basal IPSCs (Fig. 2D). Thus,
BDNF and DHF enabled previously sub-
threshold stimulation to induce I-LTD.
I-LTD induced in the presence of BDNF
was blocked by the CB, receptor antago-
nist AM251 (2 uM; 88.8 = 5.7% of base-
line, n = 7; t,,) = 2.58, p = 0.024) or by
TrkB receptor inhibitor K252a (200 nMm;
92.5 * 6.3% of baseline, n = 6; t,,, =
2.79, p = 0.018; Fig. 2E). Similarly, I-LTD
induced in the presence of DHF was
blocked by AM251 (2 uM; 90.9 = 6.9% of
baseline, n = 8; t,5) = 2.42, p = 0.028) or
K252a (200 nM; 89.2 *= 7.2% of baseline,
= 8 t,5 = 2.25, p = 0.04; Fig. 2F).

Together, these results indicate that
BDNF and DHF facilitated eCB-mediated
DSI and I-LTD in VTA dopamine neu-
rons via activation of the TrkB receptor.

Signaling mechanisms for TrkB
receptor agonist-induced facilitation of
eCB-mediated synaptic depression
Activation of G,;,-coupled receptors, such
as Group I metabotropic glutamate recep-
tors (mGluRs), enhances DSI (Varma et al.,
2001; Edwards et al., 2006) through an in-
crease in the production of eCB ligand
2-AG (Maejima et al., 2001; Varma et al,,
2001; Jung et al, 2005). Activation of
Group I mGluRs is required for I-LTD in
the hippocampus (Chevaleyre and Cas-
tillo, 2003) and VTA (Pan et al., 2008a, b).
Group I mGluRs are positively coupled to
phospholipase CB (PLC), which cleaves
phosphatidylinositol 1,4,5-bisphosphate
(PIP2) into diacylglycerol (DAG) and
inositol 1,4,5-trisphosphate (IP3), and
DAG is subsequently converted into 2-AG
by DAG lipase (Di Marzo et al., 1998; Pio-
melli, 2003). The binding of BDNF to
TrkB receptors stimulates PLCvy, which
cleaves PIP2 into IP3 and DAG (Reich-
ardt, 2006). BDNF and DHF might facili-
tate eCB-mediated synaptic depression
via enhancement of 2-AG production. To
test this possibility, we examined whether
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0.05) or DHF (10 pum; n = 7; p > 0.05) in the absence of the 10 Hz stimulation had no significant effects on basal IPSCs. E, I-LTD
induced in the presence of BDNF was blocked by the (B, receptor antagonist AM251 (2 um; n = 7; p << 0.05) or by TrkB receptor
inhibitor K252a (200 nm; n = 6; p << 0.05). F, I-LTD induced in the presence of DHF was blocked by AM251 (n = 8; p << 0.05) or
K252a (n = 8; p < 0.05).
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Figure 3.  DHF-facilitated I-LTD was blocked by PLC and DAG lipase inhibitors. A, The PLC inhibitor U73122 (5 um)

blocked I-LTD induced in the presence of DHF (n = 9; p < 0.05), whereas the inactive analog U73343 (5 um) did not
significantly alter I-LTD (n = 7; p > 0.05). B, DAG lipase inhibitors RHC-80267 (n = 9; p << 0.05) and THL (n = 8; p << 0.05)
significantly attenuated I-LTD. ¢, Coapplication of mGluR1 antagonist CPCCOEt (80 wum) and mGluR5 antagonist MPEP (10
um) did not significantly affect I-LTD (n = 8; p > 0.05). Arrows indicate the application of a 10 Hz, 5 min stimulation. D,
Application of CPCCOEt (80 rm) and MPEP (10 wum) blocked the inward current induced by pressure injection of DHPG (10
M) via a patch pipette (n = 6; **p << 0.01).
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applied throughout the experiment.
Figure 3B shows that both RHC-80267
and THL significantly attenuated I-LTD
(RHC-80267, 87.5 *= 6.0% of baseline,
n =9ty = 227, p = 0.037 vs I-LTD

75 1

n
o
L

0
i
v}

IPSC amplitude (%)

control; THL, 88.2 = 7.0% of baseline,
n =8 t,s = 218, p = 0.046 vs I-LTD
control). These results suggest that DHF
facilitated I-LTD by activating the PLC/
DAG lipase pathway.

Currently available PLC inhibitors,
such as U73122, cannot discriminate be-
tween PLCB and PLCry. There is a possi-

0.2 nA
N
(6}

bility that the TrkB receptor agonists
enhance the release of glutamate, which
then activates the mGluR/PLCf pathway
to enhance I-LTD. We examined whether

Vehicle

ar
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o 2nA
IPSC amplitude (%)

25 .

—e— DHF (10 uM) 2

Group I mGluR antagonism affected the
facilitation of DHF on I-LTD. Bath appli-
cation of mGluR1 antagonist CPCCOEt
(80 M) and mGIuR5 antagonist MPEP
(10 uMm) did not significantly affect I-LTD
induced in the presence of DHF (69.8 =
6.2% of baseline, n = 8; t,5) = 0.56, p =
0.58 vs I-LTD control; Fig. 3C). Rapid

0 10
Cc

WIN55,212-2 (0.5 M)

application of Group I mGIuR agonist
DHPG induced an inward current in
many neuronal cell types, including mid-
brain dopamine neurons; this current was
mediated by the activation of transient

20 30

Vehicle  DHF (10 uM)

¥
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receptor potential-like channels (Kim et
al., 2003; Tozzi et al., 2003; Gong et al.,
2011). As a positive control, we examined
the effect of CPCCOEt and MPEP on the
2 DHPG-induced inward current in the
VTA. We found that a brief pressure injec-
tion (3 s) of DHPG (10 uMm) via a patch
pipette induced robust inward currents

0 10

Time (min)

Figure 4.

significant effect on this depression (n = 8 or 9; p > 0.05).

selective membrane-permeable broad-spectrum PLC inhibitor
U73122 affected I-LTD induction. The inactive analog U73343
was served as a negative control. Slices were treated with U73122
(5 wm) or U73343 (5 um) for =1 h; U73122 or U73343 was also
bath applied throughout the experiment (Chevaleyre and Cas-
tillo, 2003; Edwards et al., 2006). As shown in Figure 34, I-LTD
induced in the presence of DHF (10 uMm) was blocked by U73122
(91.8 = 7.7% of baseline, n = 9; t,¢, = 2.44, p = 0.027 vs I-LTD
control in Fig. 2C) but was not significantly affected by the inac-
tive analog U73343 (65.9 * 7.2% of baseline, n = 7; t,,4, = 0.18,
p = 0.86 vs I-LTD control). Next, we examined whether DAG
lipase inhibitors RHC-80267 and tetrahydrolipstatin (THL)
affected I-LTD. RHC-80267 (30 wM) or THL (10 M) was bath

DHF at a higher concentration depressed IPSCs via a TrkB- and (B, receptor-dependent mechanism. A, Bath applica-
tion of DHF (30 wum) significantly decreased the amplitude of IPSCs (n = 8), and this depression was abolished by the continuous
presence of the TrkB receptor antagonist CTX-B (100 nm; n = 8; p < 0.01), (B, receptor antagonist AM251 (2 um; n = 8; p <
0.05), or PLCinhibitor U73122 (5 um; n = 7; p < 0.05). B, C, Bath application of (B, receptor agonist WIN 55212-2 at 2 um (B)
and 0.5 um (€) decreased the amplitude of IPSCs (n = 8 each group), whereas the continuous presence of DHF (10 wm) had no

20 30

in all VTA dopamine neurons tested
(357.5 = 63.3 pA, n = 6). Bath application
of CPCCOEt (80 um) and MPEP (10 um)
rapidly abolished (within 10 min) the
DHPG-induced currents (17.7 * 2.9 pA,
n = 65t = 5.60; p = 0.003; Fig. 3D). Thus,
CPCCOEt and MPEP were effective in
blocking Group I mGluR-mediated currents
in the VTA. The finding that CPCCOEt and
MPEP did not alter DHF-enabled I-LTD sug-
gests that Group I mGluRs are not involved in
DHF-induced facilitation of I-LTD.

We examined whether a higher concentration of DHF (30
uM) affected basal IPSCs in VTA dopamine neurons. Bath appli-
cation of DHF (30 uMm) for 20 min induced significant depression
of evoked IPSCs (66.6 = 5.8% of baseline, n = 8; t,,) = 4.88,p <
0.001), whereas this depression was significantly attenuated by
the TrkB receptor antagonist CTX-B (100 nM; 91.9 = 5.3% of
baseline, n = 8; t,,) = 3.20, p = 0.006 vs control), the CB,
receptor antagonist AM251 (2 uM; 89.0 = 6.0% of baseline, n =
8; t(14) = 2.67, p = 0.018 vs control), or PLC inhibitor U73122 (5
uM; 86.5 = 7.1% of baseline, n = 7; t,5) = 2.18, p = 0.048 vs
control; Fig. 4A). These results suggest that DHF at a higher con-
centration depresses IPSCs via a TrkB- and CB,; receptor-
dependent mechanism.
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2-AG is hydrolyzed primarily by
monoacylglycerol lipase (MAGL) (Cra-
vatt et al., 1996; Blankman et al., 2007).
Incubation of BDNF for 4-24 h increases
the expression of CB, receptor transcripts
and decreases expression of MAGL tran-
scripts in cultured cerebellar granule neu-
rons (Maison et al., 2009). It is thus
possible that BDNF and DHF facilitated
DSI and I-LTD by enhancing CB, receptor
responsiveness or decreasing MAGL activ-
ity. We have shown that bath application of
CB, receptor agonist WIN55212-2 in-
duced depression of IPSCs in VTA dopa-
mine neurons (Pan et al., 2008b). An
increase in CB, receptor expression and
function would enhance the depression of
IPSCs induced by exogenous CB, recep-
tor agonists. However, we found that
DHF (10 uM) had no significant effects on
the depression of IPSCs induced by WIN
55212-2 at a submaximal concentration
(2 uM) (vehicle, 65.9 = 7.8% of baseline,
n = 8; DHF, 62.1 = 8.1% of baseline, n =
95 t(15y = 0.34, p = 0.74; Fig. 4B) and at a
lower concentration (0.5 uM) (vehicle,
83.9 = 5.4% of baseline, n = 8; DHF,
79.4 * 5.5% of baseline, n = 8; t,) =
0.58, p = 0.57; Fig. 4C), suggesting that,
under the present experimental condi-
tions, DHF does not significantly alter
CB, receptor responsiveness.

To test the possibility that BDNF and
DHEF facilitated DSI and I-LTD by de-
creasing MAGL activity, we compared the
time course of DSI induced in the pres-
ence of Group I mGluR agonist DHPG,
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Figure 5.  Time course comparison of DSI implies that BDNF and DHF enable DSI via an increase in 2-AG production but not via
adecreasein 2-AG hydrolysis. A, B, DSl was induced in VTA dopamine neurons in the continuous presence of Group I mGluR agonist
DHPG (1 um; n = 11;A) and MAGL inhibitor JZL184 (100 nw; n = 11; B). Solid lines indicate single exponential fitting curves of the
decay of DSI. ¢, Summary of the time constant () of DSl induced in the presence of BDNF, DHF, DHPG, and JZL184. Tof DSIin BDNF
(n = 8) and DHF (n = 11) groups were obtained from Figure 14, Cand was not significantly different from that of the DHPG group
(p > 0.05) but was significantly less than that of the JZL184 group (*p << 0.05). D, There was no significant difference in the
magnitude of DSI induced in the presence of BONF, DHF, DHPG, and JZL184 (p > 0.05).

MAGL inhibitor JZL184, and TrkB ago-

nists BDNF and DHF. We have shown

that MAGL inhibitor JZL184 significantly prolongs the decay
time constant of DSI in the hippocampal neurons (Pan et al.,
2009). DHPG is known to enhance DSI by increasing 2-AG syn-
thesis (Jung et al., 2005; Edwards et al., 2006). We obtained the
decay time constant (7) and magnitude of DSI induced in the
presence of either BDNF or DHF from Figure 1 (7: BDNF, 7.2 =
1.5s,n = 8 DHF, 7.5 = 1.8 s, n = 11) and found that 7 of DSI
from either group was not significantly different from that of
DHPG (1 um; DHPG, 7.1 = 1.7s, 11 = 14; 150, = 0.059, p = 0.95
vs BDNF group; t(,3, = 0.17, p = 0.87 vs DHF group; Fig. 5A,C)
but was significantly less than that of JZL184 (100 nm; JZL184,
14.7 = 2.3s,n=11;1,,) = 2.48,p = 0.024 vs BDNF; fa0) = 2.41,
p = 0.026 vs DHF; Fig. 5 B, C). There was no significant difference
of the magnitude of DSI induced in the presence of BDNF, DHF,
DHPG, and JZL184 (DHPG, 28.5 * 4.8%, n = 11; JZL184,
32.9 * 6.3%, n = 11; Fig. 5D). DSI induced in the presence of
DHPG and JZL184 was blocked by AM251 (2 um; DHPG +
AM251, 4.0 * 3.2%, n = 9; t(;5) = 4.06, p < 0.001 vs DHPG;
JZL184 + AM251, 3.5 * 5.5%, n = 8; t(;;, = 3.36, p = 0.004 vs
JZL184). BDNF is coupled to PLCy pathway, which cleaves PIP2
into IP3 and DAG (Reichardt, 2006). DAG is a precursor of eCB
ligand 2-AG (Di Marzo et al., 1998; Piomelli, 2003). BDNF is
therefore linked to 2-AG-synthesizing machinery. Comparing
the time course of DSI, it is apparent that BDNF and DHF behave

like DHPG, which increases 2-AG synthesis (Jung et al., 2005),
but not like JZL184, which inhibits 2-AG hydrolysis (Long et al.,
2009). It is thus likely that BDNF and DHF enhance DSI via an
increase in 2-AG synthesis rather than a reduction of 2-AG
hydrolysis.

Effects of conditional knock-out of BDNF in dopamine
neurons on I-LTD

To test the role of endogenous BDNF in I-LTD, we used Cre-loxP
technology to selectively delete BDNF from dopamine neurons
and examined its impact on I-LTD. We used DAT-Cre*’~ mice
that express Cre recombinase controlled by dopamine trans-
porter (DAT) promoter (Bickman et al., 2006). To examine the
effectiveness and specificity of Cre recombinase in DAT-Cre "/~
mice, we crossed this mouse line with ROSA26 LacZ reporter
mice. Cre recombinase was selectively expressed in the midbrain
dopamine neurons as shown by colocalization of -gal with
dopamine synthetic enzyme and dopamine cell marker tyrosine
hydroxylase (TH) (Fig. 6A, B). These results confirm the effec-
tiveness and specificity of the expression of Cre recombinase in
DAT-Cre*’™ mice.

We generated dopamine neuron-specific BDNF knock-out
mice by crossing homozygous Bdnf*"""**" mice with heterozy-
gous DAT-Cre™~ mice. Among the offspring generated,
DAT-Cre*’™ |Bdnf*""**" mice were used as BDNF cKO group.
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Figure 6.  Generation of dopamine neuron-specific BDNF ckO mice. A, B, Cre recombinase

was expressed in midbrain dopamine neurons in the offspring (DAT-Cre ™~ /R26R) of DAT-
Cre™™ mice crossed with R26R lacZ reporter mice. Inmunofluorescence staining of midbrain
sections showed that 3-galactosidase (red) was exclusively expressed in TH* (green) dopa-
mine neurons in DAT-Cre ™~ ""]/R26R mice (A). n = 3 mice. High-power view of the dashed
boxes in A showed colocalization of 3-galactosidase and TH (B). Scale bar, 100 pm. ¢, D, BONF
KO mice were generated by crossing Bdnf®®"*® mice with DAT-Cre ™/~ mice. Representative
amplification curves for BDNF and 3-actin mRNA from individual mouse VTA sample (C) and
summarized data (D) of real-time quantitative PCR indicated that BDNF mRNA level in the VTA
of BDNF cKO (DAT-Cre /= /Bdnf®®"***) mice was significantly decreased compared with thatin
wild-type control (DAT-Cre ™"~ /Bdnf®"® and DAT-Cre ™/~ /BDNF***) mice (*p << 0.05).

DAT-Cre™’" [Bdnf*""*" and DAT-Cre '~ /BDNF*"** mice
were used as wild-type control groups. Real-time quantitative
PCR indicates that the BDNF mRNA level in the VTA of BDNF
cKO mice was significantly decreased compared with that in
wild-type control mice (¢4, = 3.21, p = 0.012; Fig. 6C,D). These
data confirmed the effectiveness of BDNF deletion under the
present experimental conditions.

We have shown that a pathophysiologically relevant concen-
tration of cocaine (3 uM) enabled subthreshold stimulation (10
Hz, 5 min) to induce [-LTD in rat VTA dopamine neurons, and
this I-LTD was blocked by CB, receptor antagonists (Pan et al.,
2008a, b). We examined whether endogenous BDNF is required
for this form of I-LTD. Repeated synaptic stimulation (10 Hz, 5
min) did not induce significant depression of IPSCs in either
wild-type control mice (89.1 * 6.6% of baseline, n = 7; t,,, =
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1.40, p = 0.19) or BDNF ¢KO mice (91.8 = 6.2% of baseline, n =
65 t(10) = 1.11, p = 0.29; Fig. 7A). The presence of cocaine (3 um)
during 10 Hz stimulation enabled I-LTD in wild-type control
mice (63.0 * 8.6% of baseline, n = 7; t,,) = 2.40, p = 0.033 vs
control) but did not induce significant depression of IPSCs in
BDNF cKO mice (92.8 + 7.6% of baseline, n = 8; t,,) = 0.10,p =
0.92 vs control; Fig. 7B). This I-LTD was blocked by the CB,
receptor antagonist AM251 (2 uM; 89.7 = 7.8% of baseline, n =
75tz = 2.29, p = 0.041 vs I-LTD control). Next, we determined
whether TrkB agonist DHF could rescue I-LTD in BDNF ¢KO
mice. In the presence of cocaine (3 um) plus DHF (10 M), robust
I-LTD was induced in BDNF ¢KO mice (68.4 = 7.7% of baseline,
n = 8 t,4 = 3.43, p = 0.004), and this I-LTD was blocked by
AM251 (2 um; 93.8 = 7.8% of baseline, n = 7; ¢, = 2.24, p =
0.043 vs I-LTD in BDNF cKO mice; Fig. 7C). Thus, DHF rescued
I-LTD in VTA dopamine neurons in BDNF ¢KO mice. In wild-
type control mice, the presence of DHF and cocaine did not
significantly increase the magnitude of I-LTD compared with
that induced by cocaine alone (63.4 = 8.0% of baseline, n = 6;
ta1y = 0.033,p = 0.97 vs I-LTD control in Fig. 7B, D), suggesting
that endogenous BDNF is sufficient to support I-LTD.

BNDF is required for cocaine-induced inhibitory synaptic
plasticity

We have shown that daily intraperitoneal injections of cocaine to
rats for 5-7 d reduces the mean amplitude of maximal IPSCs and
miniature IPSCs (mIPSCs) in VTA dopamine neurons of mid-
brain slices, indicating that repeated cocaine exposure in vivo
reduces the strength of GABAergic inhibition to VTA dopamine
neurons (Liu et al., 2005). Our previous studies suggest that
repeated cocaine exposure in vivo reduces the strength of
GABAergic inhibition onto dopamine neurons by inducing an
I-LTD-like synaptic plasticity (Pan et al., 2008b). Having shown
that BDNF is required for I-LTD induction in VTA dopamine
neurons, we next determined whether cocaine-induced reduc-
tion of GABAergic inhibition was altered by dopamine neuron-
specific deletion of BDNF. Wild-type control and BDNF ¢KO
mice were given intraperitoneal injections of saline or cocaine (15
mg/kg) for 5 d. Midbrain slices were prepared from these four
groups of mice the next day, maximal IPSCs and mIPSCs were
recorded as described in Materials and Methods. Maximal IPSCs
were elicited by gradually increasing the stimulation intensity to
recruit saturating IPSCs (Huang et al., 1999; Liu et al., 2005),
which yield a good estimate of total inhibitory inputs to the recorded
neuron. mIPSCs recorded in the presence of TTX (0.5 uMM) repre-
sent quantal GABA release from presynaptic axonal terminals (Zhu
and Lovinger, 2005). Together, maximal IPSCs and mIPSCs pro-
vide a good indication of the strength of GABAergic inhibition.
We found that cocaine treatment and genotype had significant ef-
fects on the mean amplitude of maximal IPSCs (cocaine: F, 39y =
6.27, p = 0.017; genotype: F, 59y = 4.23, p = 0.046; cocaine X
genotype interaction: F(; 50y = 6.89, p = 0.012; Fig. 8A) and
mIPSCs (cocaine: F(, 43, = 9.45, p = 0.004; genotype: F(; 43 =
11.12, p = 0.002; cocaine X genotype interaction: F(, 43, = 4.55,
p = 0.039; Fig. 8B). Tukey’s post hoc tests indicated that the mean
amplitude of maximal IPSCs (p = 0.001) and mIPSCs (p <
0.001) was significantly decreased in cocaine-treated wild-type
control mice compared with saline-treated wild-type control
mice. BDNF cKO had no significant effects on the mean ampli-
tude of maximal IPSCs (p = 0.69) and mIPSCs (p = 0.41) in
saline-injected groups but blocked the decreases in the mean
amplitude of maximal IPSCs (p = 0.93) or mIPSCs (p = 0.51)
in cocaine-injected groups. These results suggest that cocaine-
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induced reduction of GABAergic inhibi-
tion was blocked in BDNF conditional
knock-out mice.

A consequence of cocaine-induced re-
duction of GABAergic inhibition to VTA
dopamine neurons is to facilitate synaptic
potentiation in vivo (Liu et al., 2005). Sin-
gle or repeated cocaine intraperitoneal in-
jections increase the AMPAR/NMDAR
ratio, an indicator for synaptic strength, in
VTA dopamine neurons (Ungless et al.,
2001; Borgland et al., 2004; Liu et al., 2005;
Mameli et al.,, 2009). We determined
whether endogenous BDNF is required
for the increase in the AMPAR/NMDAR
ratio in VTA dopamine neurons. Wild-
type control and BDNF ¢KO mice were
given intraperitoneal injections of saline
or cocaine (15 mg/kg) for 5 d. Midbrain
slices were prepared from these four
groups of mice the next day; AMPAR/
NMDAR ratio in VTA dopamine neurons
was measured as described in our previous
studies (Liu et al., 2005, 2014). Two-way
ANOVA showed that cocaine treatments
and genotype had significant effects on
the AMPAR/NMDAR ratio in VTA dopa-
mine neurons (cocaine: F(; 45y = 8.65,p =
0.005; genotype: F(, 45) = 4.24,p = 0.045);
there was a significant interaction be-
tween cocaine treatments and genotype
(F(1,45) = 10.20, p = 0.003; Fig. 9). Tukey’s
post hoc tests indicated that cocaine
treatments significantly increased the
AMPAR/NMDAR ratio in wild-type con-
trol mice (p < 0.001), whereas this in-
crease was blocked in BDNF ¢KO mice
(p = 0.86). Together, the above results
suggest that BDNF is required for
cocaine-induced I-LTD, reduction of
GABAergic inhibition, and increase in
the AMPAR/NMDAR ratio in VTA do-
pamine neurons.

BDNF conditional knock-out
attenuated CPP to cocaine
Cocaine-induced synaptic plasticity in the
VTA has been implicated in the formation
of drug-associated memories (Kauer,
2004). We examined the effect of dopa-
mine neuron-specific knock-out of BDNF
on cocaine-induced CPP. During the base-
line preference test (pretest), six mice show-
ing unconditioned side preference (=180 s
disparity) were excluded. The remaining
mice exhibited no significant uncondi-
tioned place preference (Fig. 10A). Then
the saline (0.9% NaCl, i.p.) and cocaine
(15 mg/kg) place conditioning was con-
ducted once daily for 3 d (see Materials
and Methods). CPP was tested 24 h after
the last place conditioning. Two-way
ANOVA revealed that cocaine condition-
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Figure7.  Endogenous BDNF is required for cocaine-induced I-LTD. 4, The 10 Hz, 5 min stimulation had no significant effect on

evoked IPSCsin either wild-type control mice (n = 7; p > 0.05) or BDNF cKO mice (n = 6;p > 0.05). Sample traces of IPSCs before
and after the 10 Hz stimulation are superimposed on the top. B, The presence of cocaine (3 M) 3 min before and during the 10 Hz
stimulation enabled I-LTD in wild-type control mice (n = 7;p << 0.05) but did notinduce I-LTD in BONF cKO mice (n = 8;p > 0.05).
C, The presence of cocaine (3 um) and DHF (10 wum) 3 min before and during the 10 Hz stimulation led to I-LTD induction in BONF
KO mice (n = 8; p < 0.01), and this |-LTD was blocked by AM251 (2 um; n = 7; p < 0.05). D, In wild-type control mice, the
presence of cocaine and DHF did not significantly increase the magnitude of I-LTD compared with that induced by cocaine alone
(n = 6; p > 0.05). Arrows indicate the application of a 10 Hz, 5 min stimulation.
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Figure8. Endogenous BDNFis required for cocaine-induced reduction of GABAergicinhibition. Wild-type control and BDNF ckO
mice were given intraperitoneal injections of saline or cocaine (15 mg/kg) for 5 d. Midbrain slices were prepared from these four
groups of mice the following day. 4, Top, Sample IPSCs in response to stimuli of incremental intensities (20 140 wA). The neurons
were voltage-clamped at —20 mV. Bottom, Summarized data showed that the mean amplitude of maximal IPSCs was signifi-
cantly decreased in cocaine-treated wild-type control mice compared with saline-treated wild-type control mice (**p < 0.01).
BDNF cKO had no significant effects on the mean amplitude of maximal IPSCs in saline-injected groups (p > 0.05) but blocked the
decreases in the mean amplitude of maximal IPSCs in cocaine-injected groups (p > 0.05). n = 10 or 11 for each group. B, Same
asin A, except that mIPSCs were recorded at a holding potential —70 mV.n = 11 or 12 for each group. ***p << 0.001.
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dopamine neurons. B, Cocaine treatments significantly increased the AMPAR/NMDAR ratio in wild-type control mice (***p <
0.001), and this increase was blocked in BONF ckO mice (p > 0.05). n = 12 or 13 for each group.
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Figure 10.  BDNF cKO attenuated CPP to cocaine. A, Wild-type control and BONF cKO mice exhibited no significant uncondi-

tioned preference in each chamber during pretest (n = 911 for each group; p > 0.05). B, Mice received saline (0.9% Nadl, i.p.)
and cocaine (15 mg/kg) place conditioning once daily for 6 d. CPP was tested 24 h after the last conditioning. BDNF cKO significantly
decreased the CPP score in cocaine-conditioned mice (**p << 0.01) but did not affect the CPP score in saline-conditioned mice (p >
0.05). €, D, Same as in A, B, wild-type control and BDNF cKO mice underwent cocaine conditioning. There was no unconditioned
place preference during pretest (n = 9 or 10 for each group; p > 0.05; €). The mice were pretreated with vehicle or DHF (5 mg/kg,
i.p.) before each saline or cocaine conditioning. CPP was significantly attenuated in vehicle-pretreated BDNF cKO mice compared
with vehicle-pretreated wild-type mice (***p << 0.001), whereas DHF pretreatment significantly increased cocaine CPP in BDNF
KO mice (***p < 0.001), but not in control mice (p > 0.05).
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of TrkB agonist DHF. Wild-type control
and BDNF cKO mice underwent cocaine
conditioning as described above. There was
no unconditioned place preference during
pretest (Fig. 10C). The mice were then pre-
treated with vehicle or DHF (5 mg/kg,
i.p.) before each saline or cocaine condi-
tioning. Two-way ANOVA revealed that
genotype (F; 54 = 24.10, p < 0.001) and
drug pretreatments (F, ;,) = 12.28, p =
0.001) had significant main effects on CPP
scores and there was a significant interaction
between cocaine conditioning and genotype
(F(1,34) = 6.49, p = 0.016; Fig. 10D). Tukey’s
post hoc test showed that CPP was signifi-
cantly attenuated in vehicle-pretreated
BDNF ¢KO mice compared with vehicle-
pretreated wild-type mice (p < 0.001),
and DHF pretreatment significantly in-
creased cocaine CPP in BDNF cKO mice
(p <0.001), but not in control mice (p =
0.51). These results suggest that the im-
pairment of cocaine CPP in BDNF ¢cKO
mice could be attributed to lack of BDNEF.

We examined whether the CB, recep-
tor is required for DHF-induced restora-
tion of cocaine CPP in BDNF cKO mice.
BDNF ¢KO mice underwent cocaine con-
ditioning as described above. BDNF ¢KO
mice were then given intraperitoneal
injections of either the CB; antagonist
AM251 (3 mg/kg) or AM251 (3 mg/kg)
plus DHF (5 mg/kg) before each place
conditioning. For comparison, the CPP
scores from these two groups were ana-
lyzed together with those from BDNF cKO
mice that received intraperitoneal injections
of vehicle or DHF before conditioning in
Figure 10D. One-way ANOVA revealed
that the preference scores were signifi-
cantly different among the four treatment
groups (i.e., vehicle, DHF, AM251, and
AM251 + DHF; Fj 44, = 7.94, p < 0.001).
Tukey’s post hoc test indicated that the
DHF-induced restoration of cocaine CPP
in BDNF ¢KO mice was significantly at-
tenuated by AM251 (p = 0.025), whereas
AM251 did not further decrease the pref-
erence score in BDNF cKO mice com-
pared with the vehicle group (p = 0.99)
(Fig. 11A). These results suggest that the
CB, receptor is one of the downstream ef-
fectors responsible for the DHF-induced

ing (F(; 55y = 18.39, p < 0.001) and BDNF cKO (F, 35, = 7.55,
p = 0.009) had significant effects on CPP scores and there was a
significant interaction between cocaine conditioning and geno-
type (F(; 35y = 4.19, p = 0.048; Fig. 10B). Tukey’s post hoc test
showed that BDNF cKO led to a significant decrease in the CPP
score in cocaine-conditioned mice (p = 0.001) but did not have
significant effect on the CPP score in saline-conditioned mice
(p = 0.64). Thus, BDNF cKO attenuated CPP to cocaine.

We next determined whether the impairment of cocaine CPP
in BDNF ¢KO mice could be rescued by systemic administration

restoration of cocaine CPP in BDNF ¢KO mice.

We also repeated the above AM251 experiments in wild-type
control mice. These mice were given intraperitoneal injections of
AM251 or AM251 plus DHF before place conditioning. For com-
parison, the preference scores from these two groups were also
analyzed together with those from wild-type control mice in Fig-
ure 10D. One-way ANOVA showed that the preference scores
were significantly different among the four treatment groups in
wild-type control mice (F(; 53, = 5.85, p = 0.003). Tukey’s post
hoc test indicated that AM251 significantly decreased the prefer-
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Figure 11. (B, receptor antagonism blocked DHF-induced restoration of cocaine CPP in
BDNF cKO mice and attenuated cocaine CPP in wild-type mice. A, Before each place condition-
ing, BDNF cKO mice received intraperitoneal injections of AM251 (3 mg/kg) or AM251 + DHF (5
mg/kg). The preference scores were plotted together with vehicle and DHF groups in BDNF cKO
mice from Figure 10D. DHF restored cocaine CPP in BDNF cKO mice (***p << 0.001). AM251
blocked DHF-induced restoration of cocaine CPP in BDNF cKO mice (*p << 0.05) but had no
significant effect on the preference score compared with that in vehicle-treated BDNF ckO mice
(n = 10-12 for each group; p > 0.05). B, Before each place conditioning, wild-type control
mice received intraperitoneal injections of AM251 or AM251 + DHF. The preference scores
were plotted together with vehicle and DHF groups in wild-type control mice from Figure 10D.
AM251 significantly decreased the preference score in wild-type control mice compared with

vehicle treatment group (*p << 0.05). The AM251 + DHF group exhibited significant decrease
in the preference score compared with the DHF group (n = 9 or 10 for each group; *p << 0.05).

T

1

Preference score (s)

Control

ence score in wild-type control mice compared with vehicle treat-
ment group (p = 0.042); the AM251 + DHF treatment group
exhibited a significant decrease in the preference score compared
with the DHF treatment group (p = 0.023) (Fig. 11B).

Discussion

Here we have found that TrkB agonists BDNF and DHF activated
the TrkB receptor to enable eCB-mediated DSI and I-LTD in
VTA dopamine neurons. BDNF ¢KO from dopamine neurons
attenuated cocaine-induced inhibitory and excitatory synaptic
plasticity and CPP. Systemic administration of DHF rescued co-
caine CPP in BDNF cKO mice; this behavioral effect of DHF was
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attenuated by the CB,; antagonist AM251. These results uncov-
ered a key role of BDNF-eCB interaction in regulating cocaine-
induced synaptic plasticity and associative learning.

Facilitation of DSI and I-LTD by BDNF

Depolarization of VTA dopamine neurons was not sufficient to
induce DSI, and electrical stimulation at 10 Hz for 5 min was
subthreshold for I-LTD induction. However, the presence of
BDNF or DHF enabled DSI and I-LTD, and the effects of BDNF
and DHF were blocked by TrkB inhibitor K252a or TrkB antag-
onist CTX-B. DSI and I-LTD are mediated by 2-AG-induced
activation of CB, receptors (Chevaleyre and Castillo, 2003; Pan et
al., 2009; Gao et al., 2010; Tanimura et al., 2010). An increase in
2-AG production might explain BDNF-induced facilitation of
DSI and I-LTD. PLC and DAG lipases are key enzymes for 2-AG
synthesis. PLC cleaves PIP2 into DAG and IP3. DAG is subse-
quently converted into 2-AG by diacylglycerol lipase (DAGL)
(Stella et al., 1997; Di Marzo et al., 1998; Piomelli et al., 2000).
There are five types of PLC (B, v, 8, €, and {) (Rebecchi and
Pentyala, 2000). Gg;-coupled receptors, such as Group I
mGluRs, activate PLCf to enhance 2-AG production (Maejima
et al., 2001; Hashimotodani et al., 2005; Di Marzo, 2011). BDNF
is coupled to PLCy (Reichardt, 2006); the activation of PLCy-
DAG pathway may also enhance 2-AG production. BDNF de-
presses IPSCs in neocortical layer 2/3 pyramidal neurons, and
this depression is blocked by a CB, antagonist or PLC inhibitor
(Lemtiri-Chlieh and Levine, 2010; Zhao and Levine, 2014). We
showed that I-LTD- and BDNF-induced depression of IPSCs was
blocked by PLC and DAG lipase inhibitors. These results suggest
that BDNF facilitates DSI and I-LTD by enhancing 2-AG synthe-
sis via the PLCy-DAG pathway. However, this conclusion should
be interpreted with caution since currently available PLC and
DAG lipase inhibitors have off-target effects (Walker et al., 1998;
Hoover et al., 2008).

Incubation of BDNF for 4-24 h increases CB, receptor tran-
scripts and decreases MAGL transcripts in cultured cerebellar
granule neurons (Maison et al., 2009), whereas acute bath appli-
cation of BDNF inhibited CB, agonist-induced depression of
IPSCs in striatal slices through a mechanism mediated by altered
cholesterol metabolism and membrane lipid raft function (De
Chiaraetal., 2010). We also considered the possibility that BDNF
and DHF might facilitate DSI and I-LTD by enhancing CB; re-
ceptor responsiveness or decreasing MAGL activity. However, we
found that DHF did not significantly alter WIN 55212—-2-induced
depression of IPSCs, suggesting that acute treatment with TrkB
agonists does not significantly alter CB, receptor function in the
VTA. In addition, time course comparison of DSI induced in
BDNF, DHF, DHPG, and JZ1184 suggests that BDNF and DHF
do not significantly alter MAGL activity.

The requirement of BNDF-eCB interaction in regulating
cocaine-induced synaptic plasticity

We have shown that repeated intraperitoneal cocaine injections
for 5-7 d reduce the strength of GABAergic inhibition to VTA
dopamine neurons (Liu et al., 2005; Pan et al., 2008b). Our pre-
vious studies suggest that eCB-dependent I-LTD constitutes a
mechanism for cocaine-induced reduction of GABAergic inhibi-
tion (Pan etal., 2008a, b). Given that BDNF plays a critical role in
I-LTD, we examined whether it is required for the reduction of
GABAergic inhibition to VTA dopamine neurons induced by
repeated cocaine exposure in vivo. We found that dopamine
neuron-specific knock-out of BDNF blocked cocaine-induced
decreases in the amplitude of maximal IPSCs and mIPSCs. Our
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results appear to support a model in which BDNF-eCB interac-
tion is required for cocaine-induced reduction of GABAergic in-
hibition to VTA dopamine neurons. A direct consequence of
reduction of GABAergic inhibition is to prime excitatory syn-
apses for potentiation. Indeed, BDNF cKO prevented the in-
crease in the AMPAR/NMDAR ratio induced by repeated cocaine
exposure in vivo. These results suggest a critical role of BDNF in
regulating cocaine-induced excitatory and inhibitory synaptic
plasticity in the VTA. BDNF cKO did not significantly alter the
amplitude of maximal IPSCs and mIPSCs and AMPAR/NMDAR
ratio in saline-treated mice, suggesting that BDNF is not essential
for basal inhibitory and excitatory synaptic transmission. Either
acute loss of BDNF or associated developmental changes could
explain the effects of BDNF ¢KO on cocaine-induced synaptic
plasticity in the VTA. Future studies are needed to distinguish
between these two possibilities.

The effects of BDNF cKO on cocaine CPP

BDNF has been implicated in behavioral effects of cocaine (for
review, see Corominas et al., 2007; McGinty et al., 2010). BDNF
protein levels are increased in the VTA, NAc, and amygdala after
30-90 d withdrawal from cocaine self-administration (Grimm et
al., 2003). Local infusion of BDNF produces brain region-specific
effects on cocaine seeking. Infusion of BDNF into subcortical
structures, such as VTA and NAc, enhances cocaine seeking (Lu
et al., 2004; Graham et al., 2007), whereas infusion of BDNF
antibody into the NAc or localized BDNF deletion in the NAc
attenuates cocaine-induced reinstatement (Graham et al., 2007)
and cocaine CPP (Graham et al., 2009). In contrast, BDNF infu-
sion into the dorsomedial PFC suppresses cocaine seeking (Ber-
glind et al., 2007). Lentiviral expression of BDNF or TrkB in the
NAc of the rat enhanced cocaine-induced behavioral sensitiza-
tion and CPP, delayed CPP-extinction upon repeated measure-
ments, and increased CPP reinstatement. Conversely, lentiviral
expression of a truncated form of TrkB inhibited these behavioral
changes (Bahi et al., 2008). Most relevant to the present study is
the finding that genetic deletion of BDNF with adeno-associated
viral (AAV) vector-carrying the Cre recombinase (AAV-Cre-
GFP) in the VTA of Bdnf"xp oxP mice reduced cocaine CPP (Gra-
ham et al., 2009). However, the AAV-Cre-GFP deletes BDNF in
both dopamine neurons and nondopamine neurons in the VTA.
In the present study, we generated dopamine neuron-specific
BNDF knock-out mice by crossing homozygous Bdnf*"/"<"
mice with heterozygous DAT-Cre™’~ mice. Consistent with the
AAV-Cre-GFP approach (Graham et al., 2009), we found that
cocaine CPP was greatly attenuated in BNDF ¢cKO mice com-
pared with wild-type mice. This attenuation of cocaine CPP
could be rescued by systemic administration of TrkB agonist
DHEF. Together, the above studies suggest that the behavioral
deficiency in cocaine-cue learning can be attributed to the lack of
BDNF, although we cannot rule out the possibility that develop-
mental changes after BDNF ¢KO may also play a role. Long-term
synaptic plasticity in brain’s reward circuit may represent a puta-
tive mechanism for the learned association between environmen-
tal cues and rewarding effects of cocaine (Kauer, 2004; Hyman et
al., 2006). The impairment of cocaine-induced synaptic plasticity
might help explain the deficiency in cocaine CPP in BDNF ¢KO
mice.

The eCB system has been implicated in behavioral effects of
cocaine (Lupica and Riegel, 2005; Wiskerke et al., 2008). Systemic
or local infusions of CB; antagonists into the nucleus accumbens
attenuated cocaine seeking (Xi et al., 2006, 2008). CB, agonists
trigger relapse to cocaine seeking after prolonged cocaine with-
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drawal, whereas CB; antagonists attenuate relapse induced by
cocaine or cocaine-associated cues (De Vries et al., 2001). CB,
knock-out mice exhibited reduced cocaine self-administration
(Soria et al., 2005) but normal CPP to cocaine (Martin et al.,
2000; Houchi et al., 2005). In contrast, intraperitoneal injections
of a CB, antagonist blocked the acquisition, but not the expres-
sion, of cocaine CPP (Chaperon et al., 1998). Consistent with the
latter finding, we have shown that intra-VTA injections of the
CB, antagonist AM251 before each place conditioning attenu-
ated the acquisition of CPP to cocaine (Pan et al., 2011). Consti-
tutive knock-out of genes is known to produce compensatory
effects. It is unclear whether a compensatory mechanism could
explain differential effects on cocaine CPP by the CB, antagonist
and CB, knock-out. Nevertheless, the above studies suggest that
the eCB/CB, signaling system is critically involved in cocaine
reward and seeking. We have shown that intraperitoneal injec-
tion of CB, antagonist AM251 attenuated cocaine CPP in wild-
type mice and blocked DHF-induced restoration of cocaine CPP
in BDNF cKO mice. These results suggest that the CB, receptor is
an important downstream target of BDNF and that BDNF-CB,
signaling in the VTA is critically involved in cocaine-cue associa-
tive learning. Given that BDNF and CB1 receptors are important
modulators of synaptic plasticity, we suspect that modulation of
cocaine-induced synaptic plasticity may be responsible for the
behavioral effects of DHF and AM251. However, the TrkB recep-
tor can activate a variety of downstream targets (Reichardt,
2006); we cannot exclude the possibility that DHF may activate
other targets to restore CPP to cocaine.

In conclusion, we have shown that BDNF and DHF facilitate
eCB-mediated DSI and I-LTD, and BDNF conditional knock-out
leads to impairments of eCB-mediated I-LTD and cocaine-
induced excitatory and inhibitory synaptic plasticity in VTA
dopamine neurons. In addition, BDNF-CB; signaling is also in-
volved in cocaine-cue associated learning as indicated by cocaine
CPP experiments. Together, the present study suggests that the
BDNE-eCB interaction plays a critical role in mediating cocaine-
induced long-term synaptic plasticity and behavioral effects.
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