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Nucleus Accumbens Medium Spiny Neurons Target
Non-Dopaminergic Neurons in the Ventral Tegmental Area
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The midbrain ventral tegmental area (VTA) projection to the nucleus accumbens (NAc) is implicated in motivation and reinforcement.
A significant number of NAc medium spiny neurons (MSNs) project back to the VT4, although the nature of this projection is essentially
unknown. For example, do NAc MSNs directly target accumbens-projecting dopamine neurons and do they act via the GABA,, or GABA,
receptor? To address these issues, we expressed the light-sensitive channel rhodopsin-2 in the rat NAc and made electrophysiological
recordings from VTA neurons ex vivo. We found that the NAc directly targets non-dopaminergic VTA neurons, including some that
project back to the NAc. These MSN GABAergic terminals are opioid sensitive and act via GABA , receptors.

Introduction

The ventral tegmental area (VTA) projection to the nucleus ac-
cumbens (NAc) is a critical element of circuits that mediate ap-
petitive behaviors (Carr and Sesack, 2000a; Fields et al., 2007;
Humphries and Prescott, 2010). Although considerable focus has
been placed on the role of the dopamine projection from the VTA
to the NAg, a significant number of VTA GABA neurons also
project to the NAc (Van Bockstaele and Pickel, 1995; Carr and
Sesack, 2000b; Margolis et al., 2006b). Moreover, a subset of NAc
medium spiny neurons (MSNs) sends a reciprocal GABAergic
projection back to the VTA (Nauta et al., 1978; Heimer et al.,
1991; Kalivas et al., 1993; Lu et al., 1998; Usuda et al., 1998;
Tripathi et al., 2010). This projection is thought to mediate a
“long-loop” inhibitory feedback to regulate dopamine neuron
activity (Einhorn etal., 1988; Rahman and McBride, 2000). How-
ever, it is unresolved whether the axon terminals of the MSNs
synapse onto NAc-projecting dopamine neurons or a different
class of VTA neuron.

The nature of the synaptic connection is also unknown. It has
been proposed that the NAc projection to the VTA produces an
IPSC mediated exclusively by GABAj receptors (Sugita et al.,
1992; Cameron and Williams, 1993). However, this model was
based on indirect evidence and, because of technical limitations,
has never been directly tested.

The recent development of optogenetic tools provides a novel
method for isolating the action of specific afferent projections to
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neurons in a region with heterogeneous anatomical connectivity. In
this study, we used a viral vector to express channel rhodopsin-2
(ChR2) in neurons of the NAc of rats and optically stimulated their
axon terminals during ex vivo whole-cell recordings from VTA
neurons in a midbrain slice. We found that NAc MSNs target
non-dopaminergic VTA neurons, including non-dopaminergic
neurons that project back to the NAc. Moreover, this connection
is mediated by GABA, receptors and is inhibited by p-opioids,
providing a potential mechanism for opioid reward.

Materials and Methods

Animals. Surgeries were performed on 27- to 29-d-old (70—80 g) male Sprague
Dawley rats. Animals were anesthetized with isoflurane. Adeno-associated virus
containing ChR2-tdtomato (AAV2/1 CAG::ChR2.tdtomato, a kind gift from
Karel Svoboda) was bilaterally injected (1 ul in each side) using a Hamilton
syringe stereotaxically placed into the NAc shell (anteroposterior, +1.5 mm
from bregma; mediolateral, 0.8 mm from bregma; ventral, —6.7 mm from
skull surface). The injector was left in place for 5 min, raised 1 mm, and left
for an additional 5 min before being completely removed. Animals were
then returned to their home cages for 14-17 d before electrophysiologi-
cal experiments were performed. For retrograde tracer experiments,
neuro-Dil (0.3 ul, 7% in ethanol; Biotium) was slowly injected (over 5
min) into the NAc 2-3 h after the injection of the virus. Only data from
rats in which the infection was confirmed were accepted.

Slice preparation and electrophysiology. Coronal NAc slices (350 wm
thick) or horizontal midbrain slices (150—-200 um thick) including the
VTA were prepared using a vibratome (Leica Instruments) in artificial
CSF (ACSF) containing the following (in mm): 119 NaCl, 2.5 KCl, 1.3
MgSO,, 1.0 NaH,PO,, 2.5 CaCl,, 26.2 NaHCOj, and 11 glucose (satu-
rated with 95% O,/5% CO,). Slices were submerged in ACSF and al-
lowed to recover for >1 h at room temperature.

Individual slices were visualized under an upright microscope with
differential interference contrast optics and infrared and epifluorescent
illumination. Whole-cell recordings were made with 2.5-4 M(Q pipettes
containing the following (in mm): 123 K-gluconate, 10 HEPES, 0.2
EGTA, 8 NaCl, 2 MgATP, and 0.3 Na;GTP, pH 7.2 (osmolarity adjusted
to 275 mOsm). In some experiments, 0.1% biocytin was included in the
recording solution. Recordings were made using a Multiclamp 700A or
Axopatch 1-D amplifier (Molecular Devices), filtered at 2 kHz, and col-
lected at 5 kHz using procedures written for Igor Pro (Wavemetrics).
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ChR2 was stimulated by flashing 470 nm
light (1-5 ms) through the light path of the
microscope using a high-powered LED (XR-E
XLamp LED; Cree) powered by an LED driver
(Mightex Systems) under computer control.
Electrically evoked GABA IPSCs were isolated
with picrotoxin (100 um), DNQX (10 um),
sulpiride (10 uMm), strychnine (1 uMm), and
D-AP-5 (10 um) and were evoked with a train
of seven pulses given once every 30 s through a
bipolar stimulating electrode placed ~50 wm
from the recorded neuron. Light-evoked IPSC
amplitudes were calculated by comparing a 2
ms period at the peak of the response with a
similar period just before light stimulation.
The significance of drug effects was determined
comparing the last 4 min of baseline with the
last 4 min of drug application. Baclofen cur-
rents were determined by measuring a 1 min
average during the peak response compared
with the baseline period. HCN currents (I3,)
were recorded by voltage clamping cells at —60
mV and applying a series of steps from —40 to
—120 mV. The I;, magnitude was measured as
the difference between the initial capacitative
response to the voltage step and the final cur-
rent. Series resistance was monitored online by —
measuring the peak of the capacitance tran-
sient in response to a —4 mV voltage step ap-
plied at the onset of each sweep. All drugs were
applied by bath perfusion. Stock solutions of
drugs are made and diluted (typically 1:1000)
into ACSF immediately before application.

Statistical analyses were performed using the
X~ test, Student’s ¢ test, or appropriate ANOVA
as described in the text. Data are presented as
mean * SEM. Significance is defined as p < 0.05.

Immunocytochemistry. For tyrosine hydroxylase (TH) immunoreac-
tivity, immediately after recording, slices were fixed in 4% formaldehyde
for 2 h, then washed thoroughly, and stored at 4°C in PBS. Sections were
preblocked for 2 h in PBS plus 0.3% (v/v) Tween 20, 0.2% BSA, and 5%
normal goat serum and then incubated for 48 h at 4°C with a rabbit
anti-tyrosine hydroxylase polyclonal antibody (1:100). The slices were
washed thoroughly in PBS with 0.3% Tween 20 before being agitated
overnight at 4°C with Cy5 anti-rabbit secondary antibody (1:100) and
dichlorotriazinylaminofluorescein-conjugated streptavidin (3.25 ul/
ml). Sections were mounted on slides using Bio-Rad Fluoroguard Anti-
fade Reagent mounting media and visualized under a Carl Zeiss LSM 510
META microscope. Neurons were only considered TH (—) if they were
in the same focal plane as other TH (+) neurons.

Injection sites were fixed in 4% formaldehyde, and coronal sections
(50 wm) containing the injection site were prepared using a sliding mi-
crotome. Slices were preblocked in 10% normal goat serum for 30 min
and then incubated with a rabbit anti-RFP antibody (1:2000) for 48 h.
Slices were washed thoroughly before being incubated with FITC-
conjugated affinpure goat anti-rabbit secondary antibody (1:200). Sec-
tions were mounted and visualized as above. Only data from rats in
which the infection was confined to the NAc were accepted (although
there was often some infection along the injection tract, control injec-
tions into the dorsal striatum did not result in ChR2 expression in the
VTA).
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Figure 1.

Results

Microinjection of AAV2/1 CAG:ChR2.tdtomato into the NAc
resulted in expression of ChR2 in MSNs (Fig. 1 A). In whole-cell
current-clamp recordings from infected MSNss in NAc slices pre-
pared 1417 d after microinjection, brief (1-5 ms) light pulses
evoked depolarizations that varied with the intensity of the light,
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ChR2-expression in the NAc. 4, Confocal image of ChR2—tdtomato expression (red) in NAc neurons. Scale bar, 50im.
B, Diagram of experimental design: light stimulation (blue) of ChR2 expressing NAc MSN (red). €, Example recording from an MSN
showing responses to 1 ms pulses of light at three different intensities. D, MSNs can follow trains of light pulses up to 100 Hz. E,
Average probability of firing an action potential (AP) for each stimulus in a train for three different frequencies (n = 6). F, Example
recording of alight-evoked IPSCin a neighboring uninfected MSN (current s inward when holding MSN at —75mV). This IPSCwas
entirely blocked after the application of picrotoxin (PTX). G, IPSCs evoked in response to a 50 Hz train of light.

in which higher intensities produced action potentials (Fig. 1C).
Trains of 1 ms light pulses reliably produced action potentials at
frequencies up to 100 Hz (Fig. 1D,E). Trains with longer-
duration (5 ms) light pulses produced more erratic responses:
double spikes early in the trains and less reliable spiking later in
the trains (n = 5) (data not shown). In voltage-clamp recordings
from uninfected, neighboring MSNss, light evoked an inward cur-
rent when the neuron was held at —75 mV that was blocked by
the GABA, receptor antagonist picrotoxin (100 um) (Fig. 1 F).
These IPSCs followed trains of light (Fig. 1G) and exhibited
short-term depression similar to that seen using electrical stimu-
lation (Hjelmstad, 2004). Thus, ChR2-expressing MSNs of the
ventral striatum are able to reliably follow high-frequency trains
of light leading to local release of GABA.

In horizontal midbrain slices containing the VTA, we found
strong fluorescence in fibers but not in cell bodies (Fig. 2A),
consistent with transport of ChR2 to the axon terminal fields of
NAc MSNs. We made whole-cell voltage-clamp (V,,, of =45 mV)
recordings from VTA neurons and optically stimulated MSN fi-
bers (Fig. 2 B). In ~40% of recordings, brief (1-5 ms) light stim-
ulation of the slice resulted in a fast IPSC with a mean amplitude
of 68.9 = 11.1 pA (n = 62). This light-evoked IPSC was also
sensitive to picrotoxin (95 = 3%, n = 24), indicating that it is
mediated by GABA, receptors (Fig. 2C). Consistent with a pre-
vious report of recordings of light-evoked EPSCs from cortical
neurons (Cruikshank et al., 2010), this transmitter release is
clearly dependent on action potentials, because it was completely
abolished by the sodium channel blocker TTX (1 uMm; n = 3) (data
not shown). Finally, after blocking the GABA , receptor response
with picrotoxin, increasing the number and frequency of stimu-
lation (up to 10 pulses at 20—100 Hz) did not elicit a slow GABAg
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Figure 2.  ChR2-expressing MSNs project to the VTA. A, Confocal image of ChR2—tdtomato

expression (red) in axon terminals within the VTA near TH ™ neurons (green) after microinjec-
tion into the NAc. Scale bar, 50 im. B, Diagram of experimental design: light stimulates ChR2-
expressing NAc MSN terminals (red) while recording from uninfected VTA neurons. €, Example
recording from VTA neuron showing responses to two 3 ms pulses of light, 50 ms apart. This IPSC
was entirely blocked after application of picrotoxin (PTX). Bottom graph shows time course of
pharmacological effect.

receptor-mediated IPSC (n = 24) (Fig. 3A), although electrical
stimulation clearly evokes a frequency-dependent slow GABA;
IPSC in VTA neurons (n = 5) (Fig. 3B).

Although these data imply that the NAc input is exclusively
mediated by GABA, receptors, one possible explanation for the
lack of an observed GABAj receptor-mediated component to the
IPSC is that, similar to the hippocampus (Scanziani, 2000), the
GABAj, receptors are predominantly extrasynaptic, and uptake
through GABA transporters effectively lowers the concentration
of synaptically released GABA at the more distant GABAj recep-
tor. To test this, we bath applied the GAT1 inhibitor NNC-711
[1-(2-(((diphenylmethylene)amino)oxy)ethyl)-1,2,5,6-
tetrahydro-3-pyridinecarboxylic acid hydrochloride] (10 um) in
the presence of picrotoxin. NNC-711 had no effect on optically
evoked MSN inputs (control, 0.7 = 0.4 pA; drug, 0.3 * 0.8 pA;
n = 11) (Fig. 3C), although it clearly enhances electrically evoked
GABA, IPSCs (48 * 12%, n = 6, p < 0.05) (Fig. 3D).

In the mouse VTA, dopamine and GABA neurons exhibit
different sensitivities to GABAg agonists (Cruz et al., 2004). Thus,
the lack of a GABAy IPSC in NAc-connected neurons may de-
pend on the class of neurons targeted by NAc MSNs. To test this,
we bath applied a high dose (20 um) of the GABAy receptor
agonist baclofen in NAc-connected neurons. Baclofen produced
a small, nonsignificant outward current in these neurons (1 = 5)
(Fig. 3E) comparable with the baclofen response in a set of im-
munocytochemically identified TH (—) neurons from control
slices and significantly smaller than the response seen in control
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Figure3. Lack of light-evoked GABA response in VTA neurons. 4, Average of five consecu-
tive traces in an NAc-connected neuron after the GABA, response was blocked with 100 wum
picrotoxin and after application of the GABAg receptor antagonist CGP-55845 [(25)-3-[(15)-1-
(3,4-dichlorophenyl)ethyllamino-2-hydroxypropyl) (phenylmethyl)phosphinic acid] shows no
response to 100 Hz light stimulation. B, The amplitude of electrically evoked GABA; IPSCs
depends on the stimulation frequency. €, The addition of NNC-711 (10 um) does not reveal a
light-evoked GABA, IPSC. D, NNC-711 enhanced electrically evoked GABA, IPSCs. E, Bath appli-
cation of 20 um baclofen produced a small outward currentin a neuron that received input from
the NAc (top) compared with the response of a control TH (+) neuron (bottom). F, Connected
neurons (n = 5) showed significantly smaller baclofen responses than TH (+) control neurons
(n=9), which had larger responses to baclofen than identified TH (—) neurons (n = 5).*p <
0.05, **p < 0.01.

TH (+) neurons ( p < 0.01, one-way ANOVA with Holm-Sidak
test) (Fig. 3F).

Although all dopamine neurons in the rat VTA express a hyper-
polarization activated cation current (I,), nearly half of I, (+) neu-
rons are non-dopaminergic (Margolis et al., 2006a). We found that
the NAc disproportionately targets I, (—) (i.e., non-dopaminergic)
VTA neurons: 20 of 62 (32.3%) of connected neurons were I, (—)
compared with 14.9% of unconnected neurons recorded from the
same group of animals ( p < 0.02, x test) (Fig. 4A). Among I}, (+)
neurons, the size of the I, did not correlate with whether the neuron
showed a response to light stimulation (Fig. 4 B).

Because I}, (+) neurons can either be TH (+) or TH (—), in
some experiments, we included biocytin in our whole-cell re-
cording solution and, after the recording, processed the tissue for
TH immunoreactivity. None of the 19 connected neurons that
were successfully recovered stained positive for TH (14 I, (+)
and 5 I, (—) neurons) (Fig. 4C). In contrast, we also recovered a
subset of the unconnected neurons that were recorded for an
equivalent length of time and, of these, 6 of 14 (43%) were con-
firmed to be TH (+) (p < 0.01, x? test).
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Although these data indicate that NAc
MSNss target VTA non-dopamine neurons,
separate groups of VTA neurons project to
different targets and randomly sampling
from the VTA may underrepresent specific
neuronal populations. Therefore, to deter-
mine whether NAc-projecting neurons, espe-
cially NAc-projecting dopamine neurons, are
innervated by NAc afferents, shortly after in-
jecting the virus, we also microinjected the ret-
rograde tracer Dil into the NAc. Dil injection
into the NAc labeled cell bodies in the VTA
that overlapped with fibers containing
ChR2 (Fig. 5A). The projection to the NAc
from the VTA contains both dopamine and
non-dopamine neurons (Swanson, 1982).
Importantly, within this specific projection,
the dopamine neurons exhibit longer action
potential durations than the non-dopamine
(presumably GABAergic) neurons (Maeda
and Mogenson, 1980; Yim and Mogenson,
1980a; Margolis et al., 2008b). Thus, we
measured the action potential durations to
predict the neurotransmitter content of the
recorded neuron. Importantly, this method
also allowed us to record from several retro-
gradely labeled neurons within the same
slice.

From seven animals, we recorded 24
retrogradely labeled VTA neurons (Fig.
5B). Of these, six neurons responded to
light stimulation with an IPSC (Fig. 5C).
In each of these neurons, we also recorded
action potentials in current-clamp mode.
All of the connected neurons had action
potential durations briefer than the me-
dian of the entire population. Moreover,
the mean action potential duration for
connected NAc-projecting neurons was
significantly shorter than the action po-
tential duration from unconnected NAc-
projecting neurons ( p < 0.05) (Fig. 5D).
These data indicate that NAc MSNs target
non-dopaminergic NAc-projecting VTA
neurons.

Opioids have powerful motivational
and reinforcing actions within the VTA
(Bals-Kubik et al., 1993; Devine and Wise,
1994). These actions are thought to be at-
tributable to the release of dopamine neu-
rons from GABA, inhibition via a set of
intrinsic GABAergic interneurons (Johnson
and North, 1992; Koob and Volkow, 2010).
Consistent with this idea, electrically stimu-
lated GABA, receptor-mediated IPSCs in
the VTA are inhibited by the bath applica-
tion of p-opioid agonists (Bonci and Wil-
liams, 1997; Nugent et al., 2007; Margolis et
al., 2008a). However, given that GABAergic
afferents to VTA neurons arise from a vari-
ety of extrinsic sources, it is unclear which
neurons give rise to the GABAergic termi-
nals that are modulated by 1agonists in the
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Figure7.  Circuit diagram of NAc connections within the VTA MSNs of the NAc synapse onto
non-dopaminergic neurons in the VTA, including some that project back to the NAc. NAc MSNs
do not synapse onto VTA dopamine neurons but may indirectly modulate their activity through
local connections within the VTA.

VTA. We measured light-evoked IPSCs in the VTA and bath
applied the p-opioid agonist DAMGO (1 um). Bath application
of DAMGO inhibited the amplitude of the IPSC by 29.1 * 9.4%
(p <0.05,n=38) (Fig. 6).

Discussion

Using virally directed ChR2 to selectively stimulate a distinct sub-
set of afferent inputs (Zhang et al., 2007), we have demonstrated
that the synaptic connections arising from the NAc onto VTA
neurons constitute an opioid-sensitive, fast inhibitory connec-
tion mediated by GABA , receptors. These afferents preferentially
target non-dopaminergic VTA neurons, including a population
that projects back to the NAc (Fig. 7).

The VTA is a highly heterogeneous brain region, composed of
dopamine, GABA, and glutamate neurons (Swanson, 1982; Mar-
golis et al., 2006a; Yamaguchi et al., 2007; Nair-Roberts et al.,
2008). A significant proportion of NAc-projecting VTA neurons
are GABAergic and stain positive for GAD67 (Carr and Sesack,
2000b; Margolis et al., 2006b). Intriguingly, Carr and Sesack
(2000b) observed that glutamatergic afferents arising from the
prefrontal cortex preferentially target these GABAergic NAc pro-
jection neurons and not NAc-projecting dopamine neurons. Qur
data indicate that MSNs similarly target non-dopaminergic NAc-
projecting neurons. Thus, activation of the long-loop feedback
from the NAc will not directly inhibit VTA dopamine neurons.
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However, this feedback could indirectly inhibit VTA dopamine
neurons if the NAc MSNs target VTA glutamate neurons, which
do make local collaterals onto dopamine neurons (Dobi et al.,
2010). Alternatively, if the NAc-connected non-dopaminergic
neurons include GABAergic neurons that make local contacts
with dopamine neurons (Omelchenko and Sesack, 2009), activa-
tion of this projection could increase dopamine neuron firing.
Such a GABA-GABA-DA loop has been demonstrated in the
substantia nigra (Grace and Bunney, 1985) and is supported by a
recent optogenetic study showing that MSNs in the dorsal stria-
tum synapse onto GABAergic neurons in the substantia nigra
pars reticulata but not dopamine neurons in the pars compacta
(Chuhmaetal., 2011). If a parallel GABA—-GABA-DA loop exists
from the ventral striatum, inhibition of MSNs (such as that seen
with cocaine) will provide a negative feedback to dopamine neu-
rons (Einhorn et al., 1988).

Previous authors have speculated that the NAc input to the
VTA is mediated exclusively through the GABA receptor (Sugita
etal., 1992; Cameron and Williams, 1993). This model was based
on the differential sensitivity of VTA GABA, and GABAj;
receptor-mediated IPSCs to 5-HT (Johnson et al., 1992; Sugita et
al., 1992) and to D, dopamine receptor agonists (Cameron and
Williams, 1993). Given the low expression levels of 5-HT and D,
dopamine receptors within the VTA in conjunction with higher
expression levels within the NAg, it was proposed that these re-
ceptors were expressed on presynaptic terminals arising from
extrinsic sources, namely, those arising from the NAc. Because
only the GABA IPSC shows sensitivity to 5-HT and D, agonists,
it was concluded that the NAc input targets GABAg receptor-only
synapses. Our data demonstrate the opposite; inputs from the
NACc signal through GABA, receptors, a result that is consistent
with in vivo experiments showing that inhibition produced by
stimulation of the NAc can be attenuated by local iontophoresis
of a GABA, receptor antagonist (Yim and Mogenson, 1980b).

That we could not evoke a GABAy receptor-mediated IPSC
raises the possibility that GABA} receptors are segregated to a
different set of synapses or perhaps a separate class of neurons
within the VTA. Our data showing that connected neurons show
little response to bath application of the GABAj receptor agonist
baclofen argues that NAc-connected (non-dopamine) neurons
have few functional GABAj receptors, extending previous results
from the mouse VTA (Cruz et al., 2004) and providing a circuit-
based framework for in vivo studies investigating the regulation
of dopamine by GABAj; receptors (Klitenick et al., 1992; Xi and
Stein, 1998; Laviolette et al., 2004).

That the input arising from NAc signals through GABA, re-
ceptors raises the possibility that synaptic mechanisms that have
previously been attributed to local interneurons may be addition-
ally or entirely mediated by afferents from extrinsic sources. Most
notable is the inhibition of GABA release by opioids (Johnson
and North, 1992). This opioid-induced decrease in GABA release
leads to the disinhibition of dopamine neurons that can produce
opioid reward. However, VTA opioids can also signal reward in a
dopamine-independent manner (Bechara et al., 1992; Nader and
van der Kooy, 1997). We show that GABAergic inputs from the
NAc onto non-dopaminergic neurons are also sensitive to
w-opioids. Although a subset of these neurons project to the NAc,
opioid reward as measured by conditioned place preference can
persist after lesion of the NAc (Olmstead and Franklin, 1996,
1997; White et al., 2005), implicating projections to other brain
regions such as the prefrontal cortex, hippocampus, and
amygdala (Swanson, 1982). The current results represent a first
step toward resolving the neural mechanism of opioid reward.
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