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Fig. 4. Photoactivation of Vglut2'" neurons suppresses
feeding in food-deprived mice and is aversive. (A) ChR2-
eYFP expression in the LH of a Vglut2-ires-Cre mouse. Scale bars,
200 pm (top), 20 um (bottom). (B) Spatial location heat maps in
10-min epochs before, during, and after 5-Hz photostimulation.
(C and D) Photostimulation of Vglut2"' neurons significantly
decreased food intake (F; 3¢ = 13.31, P < 0.001) and food
zone time (E and F) (Fy 34 = 13.12, P < 0.001, n = 5 mice per
group). (G) Vglut2'"::ChR2 mice spent significantly less time in
the photostimulation-paired side when compared with con-

trols (P < 0.001, n = 5 mice per group).
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Cocaine Disinhibits Dopamine Neurons
by Potentiation of GABA Transmission
in the Ventral Tegmental Area

Christina Bocklisch,™* Vincent Pascoli,* Jovi C. Y. Wong,*t David R. C. House,* Cédric Yvon,*
Mathias de Roo," Kelly R. Tan,* Christian Liischer?}

Drug-evoked synaptic plasticity in the mesolimbic system reshapes circuit function and drives drug-adaptive
behavior. Much research has focused on excitatory transmission in the ventral tegmental area (VTA)
and the nucleus accumbens (NAc). How drug-evoked synaptic plasticity of inhibitory transmission affects
circuit adaptations remains unknown. We found that medium spiny neurons expressing dopamine (DA)
receptor type 1 (D1R-MSNs) of the NAc project to the VTA, strongly preferring the GABA neurons of
the VTA. Repeated in vivo exposure to cocaine evoked synaptic potentiation at this synapse, occluding
homosynaptic inhibitory long-term potentiation. The activity of the VTA GABA neurons was thus reduced and
DA neurons were disinhibited. Cocaine-evoked potentiation of GABA release from D1R-MSNs affected
drug-adaptive behavior, which identifies these neurons as a promising target for novel addiction treatments.

isinhibition, the removal of an inhibitory  (/-3). Disinhibition of ventral tegmental area

brake on neuronal firing, may affect cir-  (VTA) DA neurons has been implicated in drug
cuit function in several parts of the brain  reinforcement when, in the acute phase, the addictive
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drug shuts down VTA y-aminobutyric acid (GABA)
neurons (4-6). To understand how this monosyn-
aptic building block integrates into the larger cir-
cuitry, we characterized the functional anatomy
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Fig. 1. VTA-projecting
MSNs express D1Rs and
disinhibit VTA DA neu-
rons in vivo by prefer-
entially targeting VTA
GABA neurons. (A) Ex-
perimental setup: Injection
of retrograde tracer CTB-
Cy3 into the VTA of D1R- or
D2R-EGFP mice. (B) Con-
focal images of NAc slices
from D1R-EGFP* or D2R-
EGFP* mice (green) injected
intra-VTA with CTB-Cy3
(red). Scale bar, 50 um.
(C) EGFP* (green) neurons
and CTB-Cy3—labeled cells
(red) as a proportion of
total cell number (blue) in
each mouse line. Over-
lapping segments rep-
resent colocalization. (D)
In vitro slices. ChR2-Venus
was expressed in the NAc
of GAD65Cre-tdTo or Pitx3-
GFP mice and VTA-projecting
MSN terminals were stim-

ulated with blue light. (E)
Images of VTA slices from GAD65Cre mice

showing a tdTomato-positive neuron (top)
and negative neuron (bottom) filled with a
blue dye (AF 350). Scale bar, 20 um. Right:
Whole-cell recordings of the same cells.
Scale bars, 50 ms, 100 pA. (F) Mean IPSCs
versus connectivity of GAD65-tdTo* and
GAD65-tdTo™ neurons. (G) IPSCs from Pitx3-
GFP™ and Pitx3-GFP* neurons. Scale bars,
50 ms, 200 pA. (H) Mean IPSCs versus con-
nectivity of Pitx3-GFP* and Pitx3-GFP™ cells.
(1) Experimental setup: MSN terminals ex-
pressing ChR2-Venus were stimulated in vivo
by illuminating the VTA. (J) Tyrosine hydrox-
ylase (TH, white) staining of VTA neurons
labeled in vivo juxtacellularly with neuro-
biotin (red, right panels). Scale bar, 50 pm.
(K and L) Top: Representative trials, peristimulus
time histograms, and raster plots of single
unit recordings from the same GABA (K) and
DA neuron (L) shown in (]). Blue bar denotes

E GAD65-tdTo*

(-

GABA neuron

DA neuron

+AF 350

of the inhibitory projections to the VTA. We
focused on the major input that originates in the
nucleus accumbens (NAc). Accumbal medium
spiny neurons (MSNs) fall into two classes, the
DIR-MSNs and D2R-MSNs (7), which may
segregate with the projection target. To reveal
the type of MSN projecting to the midbrain, we
injected a retrograde tracer (B subunit of cholera
toxin) fused to a fluorescent cyanine dye (CTB-Cy3)
into the VTA of bacterial artificial chromosome
(BAC) transgenic mice in which the expression
of enhanced green fluorescent protein (EGFP)
is driven by the promoters of D1 or D2 recep-
tors, respectively (D1R-EGFP and D2R-EGFP
mice; Fig. 1A). We then counted the CTB-Cy3—

positive cells and determined the colocalization
with EGFP in neurons of the NAc of both mouse
lines (Fig. 1B; Hoechst, a nuclear stain, was used
to obtain the total number of cells, n = 1721 and
n=1922 in DIR-EGFP and D2R-EGFP mice,
respectively; 3 animals each). EGFP-positive
cells accounted for about half of all cells (D1R-
mice, 52 + 2%; D2R-EGFP mice, 43 + 1%; Fig.
1C). A smaller fraction of cells, similar in both
mouse lines, was positive for CTB-Cy3 (DIR-
EGFP mice, 34 + 8%; D2R-EGFP mice, 33 + 4%,
Fig. 1C). Colocalization with EGFP was observed
only in DIR-EGFP mice (Fig. 1, B and C).
Hence, only D1R-MSNs project directly to the
midbrain.
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a 2-s laser pulse. Scale bars, 1's, 10 mV. Bottom: Average normalized firing rates during blue laser stimulation of GABA neurons (K) and DA neurons (L) identified

with juxtacellular labeling. All data are means + SEM.
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Because the VTA contains GABA and DA
neurons (&) and because recent studies have sug-
gested that MSNs of the NAc project to both
(9, 10), we aimed to characterize the functional
connectivity between MSNs and VTA neurons.
We expressed ChR2 in the NAc of mice that
expressed a fluorescent marker in VTA GABA
neurons (GAD65-tdTomato) and prepared acute
slices of the VTA (Fig. 1D). We recorded from
both tdTomato " and tdTomato™ neurons (Fig. 1E)
and induced GABA release by wide-field illu-
mination. Large inhibitory postsynaptic currents
(IPSCs) were elicited in the majority (87.4%)
of tdTomato" neurons (497 + 89 pA, n = 17),
whereas only a small fraction of tdTomato neu-
rons was responsive (8.3%, 20.3 £ 15.2 pA,
n =24; Fig. 1F). Both picrotoxin (PTX, 100 uM,
n =5) and tetrodotoxin (TTX, 0.5 uM, n = 5;
fig. S1) abolished the IPSCs in tdTomato ™ neurons,
confirming action potential-dependent trans-
mitter release followed by GABA4 receptor ac-
tivation (Fig. 1E). Clearly, accumbal MSNs exert
strong inhibition onto VTA GABA neurons. To
reveal a possible functionally weaker connec-
tivity onto DA neurons, we expressed the more
efficient ChR2(H134R) (/1) into the NAc of
Pitx3-GFP mice (a marker for DA neurons) (12).
Under these circumstances, we detected small
IPSCs in 67% of the Pitx3-GFP" cells (127 +
44 pA, n=12) and large IPSCs in 100% of Pitx3-
GFP ™ neurons (1602 + 473 pA, n=10; Fig. 1, G
and H). Thus, although a direct inhibitory pro-
jection onto VTA DA neurons exists (10), we
found a much more frequent and stronger in-
hibitory connection onto VTA GABA cells (9).
This suggested that D1R-MSNs of the NAc could
drive disinhibition of VTA DA neurons (/3).

We therefore performed in vivo single unit
recordings of VTA neurons in response to optical
stimulation of MSN terminals in the VTA in
anaesthetized mice (Fig. 11). We first recorded from
GABA neurons, as confirmed by juxtacellular

Fig. 2. HFS induces cAMP-
PKA—dependent ilLTP.
(A) Setup: Whole-cell record-

A LED  fec
>
~—__-VTA

NAg \Cj)\

labeling methods and post hoc immunohisto-
chemistry (Fig. 1J, top). All GABA neurons
responded to a 2-s light pulse with decreased
spiking activity (—92.2 £ 2% of baseline activ-
ity, n = 4; Fig. 1K). We next recorded from DA
neurons (Fig. 1J, bottom), whose activity was
increased when the blue light was flashed
(146.8 £ 10.5% of baseline, n = 7, P < 0.05;
Fig. 1L). Thus, despite a weak direct inhibitory
connection to VTA DA neurons, DIR-MSN ter-
minal activation leads to their disinhibition. This
scenario was confirmed when we expressed
the inhibitory opsin effector halorhodopsin
(eNpHR3.0) selectively in VTA GABA neurons.
An increase in DA neuron activity during a 2-s
amber light activation was observed (fig. S2).
We conclude that NAc D1R-MSNs suppress
the tonic activity of VTA GABA neurons, which
disinhibits VTA DA neurons.

With addictive drugs, it is generally assumed
that disinhibition is fully reversed once the drugs
are eliminated. We hypothesized that the dis-
inhibitory circuit in the VTA may undergo per-
sistent remodeling with repetitive drug exposure.
We investigated whether the synapse between
D1-MSNs and VTA GABA neurons is capable
of expressing activity-dependent synaptic plas-
ticity. We elicited GABA release from axonal
terminals in the VTA with blue light and recorded
from VTA GABA neurons (Fig. 2A). High-
frequency stimulation (HFS; Fig. 2A) of MSN
terminals led to a robust potentiation of light-
evoked IPSCs (183 + 22% of baseline, n = 15,
P <0.05; Fig. 2B). This inhibitory long-term po-
tentiation (iLTP), which could also be induced
with low CI -containing internal solution (135 +
8% of baseline, n = 8, P < 0.01; fig. S3A), was
associated with a decrease of the failure rate
(baseline, 0.29 + 0.07; after HFS, 0.2 + 0.06; n =
12, P < 0.01) and changed variance (1/CV?;
baseline, 2.02 + 0.54; after HFS, 4.23 + 1.26; n=
15, P < 0.01); the reduction of the paired pulse

B OHFS OnoHFS Cc
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ratio (PPR) was not significant because of a high
variance (baseline, 1.02 £ 0.19; after HFS, 0.93 +
0.08; n = 15, P > 0.05; Fig. 2C). The three pa-
rameters in combination strongly suggest an in-
crease in release probability. Infusion of a high
concentration of the calcium chelator BAPTA
(10 mM) into the postsynaptic neuron did not
block iLTP (160 £ 20% of baseline, n =14, P <
0.01; Fig. 2D), whereas the calcium channel
blocker nimodipine applied extracellularly (Nim,
10 uM) or blockade of D1Rs abolished the po-
tentiation (91 = 18% and 92 + 10% of baseline,
n="7and 7, P> 0.05; Fig. 2, E and F).

Presynaptic forms of synaptic plasticity de-
pend on the cyclic adenosine monophosphate—
protein kinase A (cCAMP-PKA) cascade (/4). We
aimed to stimulate potentiation with the adenylyl
cyclase (AC) activator forskolin (FSK, 10 uM).
This caused a potentiation of the transmission
(178 £32% of baseline, n =11, P < 0.01; Fig. 2G,
black trace), which occluded the ability of HFS to
induce iLTP (86 = 6% of baseline, n =4, P> 0.05;
Fig. 2G, gray trace). The underlying mechanism
therefore likely involves this cascade in the ter-
minals of NAc MSNSs initiated by D1Rs. We con-
firmed that FSK-induced potentiation is solely
mediated by presynaptic PKA by additionally
loading the postsynaptic cell with the membrane-
impermeable PKA inhibitor PKI 6-22 (20 uM)
while bath-applying FSK (fig. S3B). Taken to-
gether, induction as well as expression of iLTP
is likely to be presynaptic, akin to well-described
forms of potentiation at hippocampus mossy fiber
excitatory synapses (/5). Because this “sister”
LTP requires the scaffolding protein Rimla (6),
we tested its involvement in iLTP. HFS in the
Rimlo ™ mice left basal IPSC amplitudes un-
affected (97 + 14% of baseline, n =7, P> 0.05;
Fig. 2H). Hence, iLTP in the VTA also depends
on presynaptic Rimla.

We next wanted to test whether inhibitory
transmission between DIR-MSNs and VTA

o 1.0 *% T
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mice. All insets: Example
traces of IPSCs at baseline (black) and after HFS (gray). Scale bars, 100 pA, 10 ms, except for (F), 40 pA, 10 ms. Data are means + SEM.
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GABA neurons was affected by repetitive drug
exposure. Cocaine is a highly addictive drug that
evokes synaptic plasticity at several excitatory
synapses of the mesolimbic system (/7). Its re-
inforcing effects are mediated by increasing DA
concentration in the NAc instead of disinhibiting
DA neurons [cocaine actually briefly inhibits DA
neuron firing in the acute phase (/8)]. To test for
cocaine-induced synaptic plasticity at this dis-
inhibitory circuit, we repeatedly treated mice
with cocaine [15 mg/kg intraperitoneally (i.p.)
for 5 days; Fig. 3A], prepared midbrain slices
24 hours after the last injection, and examined
whether this treatment interfered with the ability
to elicit iLTP. Drug exposure disrupted HFS-
induced iLTP (saline, 157 + 29% of baseline,
n =9; cocaine, 86 + 7% of baseline, n =9; P <
0.05; Fig. 3B) and was associated with a de-
crease of the PPR (saline, 1.28 + 0.09, n = 27;
cocaine, 0.82 +£0.09,n=19; P<0.01; Fig. 3C),
indicating an occlusion scenario. Bath applica-
tion of FSK readily potentiated light-evoked IPSCs
in slices from saline-treated animals, whereas it
failed to potentiate the IPSCs in the cocaine group
(saline, 249 + 51% of baseline, n = 9; cocaine,
101 £ 15% of baseline, n = 8; P <0.05; Fig. 3D),
confirming the involvement of the cAMP-PKA
cascade in the induction of cocaine-evoked syn-
aptic plasticity (/9).

To test whether induction of cocaine-evoked
inhibitory plasticity was dependent on the in-
crease of extracellular DA concentration, we ex-
posed mice carrying a mutated cocaine-insensitive
DAT (DATk;) (20) repeatedly to cocaine. In
DAT; mice, cocaine treatment did not disrupt
the ex vivo iLTP (223 + 38% of baseline, n =12,
P < 0.05), whereas potentiation was not fully
induced in heterozygous littermates (126 = 23%
of baseline, n = 7, P > 0.05; Fig. 3E). This in-
dicates that without DAT inhibition, cocaine
does not disrupt iLTP, thus confirming that in vivo
cocaine-evoked synaptic plasticity is induced by
a dopamine-dependent mechanism.

The decreased PPR values suggested an en-
hanced GABA release probability at DIR-MSN
terminals after cocaine treatment. We thus recorded
spontaneous inhibitory synaptic currents (SIPSCs)
after repeated cocaine treatment (Fig. 3, F to H).
Cocaine increased the sIPSC frequency in GABA
neurons (saline, 7.1 + 1.1 Hz, n = 11; cocaine,
16.2 £ 4.1 Hz, n = 12, P < 0.05, with a trailing
enhancement of the amplitudes: saline, 56 + 5.1
PA, n = 11; cocaine, 72.6 = 11 pA, n=12; P>
0.05; Fig. 3, F and G) but not in DA neurons,
where the frequency of sIPSC was in fact lower
in slices from cocaine-treated mice (frequen-
cies: saline, 14.7 £ 2.5 Hz, n = 11; cocaine, 7.4 £
1.4 Hz, n = 10; P < 0.05; amplitudes: saline,

47.1£3.3 pA, n=11; cocaine, 40.5 £ 2.1 pA, n=
10; Fig. 3, F and H), in line with a depressed
inhibition reported previously (21, 22). Our data
suggest a long-lasting disinhibition of VTA DA
neurons, most likely through the potentiation of
inhibitory synaptic transmission onto GABA
neurons through a presynaptic mechanism. If
this is the case, then the basal firing activity of
VTA DA neurons should be increased after re-
peated cocaine treatment. Indeed, DA neurons
showed increased spiking and burst firing ac-
tivity after repeated cocaine treatment relative to
saline-injected mice [saline, 3.4 + 0.6 Hz and
24.7 £5.7% spikes fired in bursts (SIB), n=23;
cocaine, 9.0 £ 1.7 Hz and 53.1 + 8.9% SIB, n =
16; P <0.01 and P <0.005; Fig. 31 and fig. S4],
whereas GABA neurons fired at lower rates after
cocaine (saline, 9.9 + 2.1 Hz, n = 20; cocaine, 5.1 £
1 Hz, n = 15; P < 0.05; Fig. 3]). Elevated firing
activity of DA neurons is unlikely to result from
increased direct excitation onto these cells, because
one single injection of cocaine, which increases
glutamatergic tone onto DA neurons (23), failed
to increase firing rates of DA neurons 24 hours
after the injection (fig. S5). Taken together, these
findings imply that cocaine selectively potentiates
GABA release from NAc DIR-MSN terminals in a
DA-dependent fashion such that VTA DA neurons
are tonically disinhibited in the long run.
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Fig. 3. Potentiation of inhibitory transmission by cocaine. (A) Treatment
protocol. (B) Cocaine treatment abolishes iLTP. Scale bars, 100 pA, 10 ms. (C) PPR
example traces and group data. Scale bars, 20 ms, 50 pA. (D) Occlusion of FSK
potentiation by cocaine treatment. Scale bars, 100 pA, 10 ms. (E) Failure to
abolish iLTP in DAT,, mice. Scale bars, 100 pA, 10 ms. (F) Setup and example
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sIPSC amplitude (pA)

sIPSC amplitude (pA)

sal  coc

traces of sIPSCs. Scale bars, 50 pA, 0.5 s. (G and H) Cumulative probability
distributions of sIPSC in GABA neurons (G) and DA neurons (H). Insets: bar graphs
with means = SEM. (I) Setup and example traces from in vivo recordings of VTA
GABA and DA neurons (scale bars, 2 s, 10 mV; inset scale bars, GABA, 2 ms, 10 mV;
DA, 2 ms, 2 mV). Bottom: Group data for firing rates.
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How may drug-evoked inhibitory plasticity
relate to behavioral actions of cocaine caused by
the activation of DIR-MSNs (24)? We assessed
locomotor sensitization (Fig. 4A), a model for
incentive saliency of cocaine that develops over
five daily injections, just as cocaine-evoked in-
hibitory plasticity (25). We first verified the con-
sequences of the iLTP induction protocol in vivo
on the activity of VTA neurons (Fig. 4A) and
observed inversed firing frequencies in GABA
and DA neurons (GABA HFS versus no HFS,
2.5+ 1Hzand 13 £2 Hz, P <0.0001; DA HFS
versus no HFS, 9.5+ 6 Hzand 3 + 1 Hz, P <
0.01; 35+ 12 SIB versus 16 = 4% SIB, P <0.05;
n=10to 17; Fig. 4B and fig. S4), comparable
to the cocaine treatment. On subsequent days,
locomotor sensitization to cocaine was enhanced
(control AAV, 1389 + 184 turns/hour, n = 15;
ChR2-AAV, 3104 + 555 turns/hour, n = 11; P <
0.01; Fig. 4C). We next tested the effect of an
in vivo HFS on conditioned place preference
(CPP), a paradigm to measure the memory effect
of drug reward (26). HFS was applied outside
the conditioning chamber 1 day before the drug
administration (10 mg/kg), which prevented CPP
(control AAV, 105 £ 29 min, n = 9; ChR2-AAV,
1727, n=11; P <0.05; Fig. 4D). These data
support a model whereby the VTA serves as a
gate for downstream circuit adaptations that un-

derlie sensitization and occludes CPP where cue
association requires burst activity of DA neurons.

The cellular correlate of the disinhibition of
VTA DA neurons is a form of homosynaptic
potentiation of GABA transmission onto VTA
GABA neurons. This cocaine-evoked inhibitory
plasticity is DA-dependent and is expressed pre-
synaptically. As a consequence, VTA DA neu-
rons fire at higher frequencies, which facilitates
the induction of locomotor sensitization and oc-
cludes CPP. This adaptation of the inhibitory limb
of the mesolimbic circuitry occurs in parallel with
a strengthening of excitatory afferents onto DA
neurons in the VTA (23, 27, 28). Then, after sev-
eral days of withdrawal, excitatory transmission
in the NAc also adapts (26). Thus, the drug-evoked
synaptic plasticity in back-projecting D1R-MSNs,
described in the present study, emerges as a cru-
cial step in circuit remodeling (29). Note that
D1R-MSNs undergo presynaptic and postsynaptic
changes (30), resulting in an overall strengthening
of their inhibitory effects and enhanced locomotor
sensitization, whereas inhibition of D1R-MSNs
attenuates this behavior (37).

Drug-evoked inhibitory plasticity may also
prevent further associative learning and may lead
to behavioral adaptations such as compulsive
cocaine seeking or incubation of craving (32, 33).
Clearly, a picture is emerging of mesolimbic cir-
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cuit remodeling that affects excitatory as well
as inhibitory transmission, with the effect of
enhancing DIR-MSN function. Controlling the
activity of the D1IR-MSNs, by pharmacological
means or neuromodulation, may therefore emerge
as an appealing target for novel therapeutic inter-
ventions in addiction.
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