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Abstract

Ventral tegmental area (VTA) dopaminergic neurons are key components of the reward pathway,
and their activity is powerfully controlled by a diverse array of inhibitory GABAergic inputs. Two
major sources of GABAergic nerve terminals within the VTA are local VTA interneurons and
neurons in the rostromedial tegmental nucleus (RMTg). Here, using optogenetics, we compared
synaptic properties of GABAergic synapses on VTA dopamine neurons using selective activation
of afferents that originate from these two cell populations. We found little evidence of co-release
of glutamate from either input, but RMTg-originating synaptic currents were reduced by
strychnine, suggesting co-release of glycine and GABA. VTA- originating synapses displayed a
lower initial release probability, and at higher frequency stimulation, short-term depression was
more marked in VTA- but not RMTg-originating synapses. We previously reported that nitric
oxide (NO)-induced potentiation of GABAergic synapses on VTA dopaminergic cells is lost after
exposure to drugs of abuse or acute stress; in these experiments, multiple GABAergic afferents
were simultaneously activated by electrical stimulation. Here we found that optogenetically-
activated VTA-originating synapses on presumptive dopamine neurons also exhibited NO-induced
potentiation, whereas RMTg- originating synapses did not. Despite providing a robust inhibitory
input to the VTA, RMTg GABAergic synapses are most likely not those previously shown by our
work to be persistently altered by addictive drugs and stress. Our work emphasizes the idea that
dopamine neuron excitability is controlled by diverse inhibitory inputs expected to exert varying
degrees of inhibition and to participate differently in a range of behaviors.
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Introduction

Dopamine neurons in the ventral tegmental area (VTA) are critical to the encoding of
rewarding and aversive stimuli and are required for addiction to drugs of abuse (Lammel et
al., 2014; Holly & Miczek, 2016; Morales & Margolis, 2017). Inhibitory and excitatory
synaptic inputs change the activity of dopamine neurons in response to environmental
stimuli, either by altering the firing rate or by shifting the neuron from a tonic to phasic
firing pattern (Suaud-Chagny et al., 1992; Chergui et al., 1993; Mereu et al., 1997).
Dopamine neurons are relatively depolarized basally and are spontaneously active both in
vivo and in brain slices. GABAAR synapses interrupt dopaminergic cell firing both by
hyperpolarization and by increasing conductance (Paladini ef a/., 1999a; Paladini et a.,
1999b; Tan et al., 2012; Van Zessen et al., 2012), reducing the firing rate of dopamine
neurons as shown in both pharmacological (Johnson & North, 1992; Suaud-Chagny et al.,
1992; Paladini et al., 1999b) and optogenetic studies (Tan et al., 2012; Van Zessen et al.,
2012; Simmons et al., 2017). Inhibitory synapses in the VTA are also dynamically regulated
by experience. For example, plasticity of inhibitory synapses is lost or altered after exposure
to morphine (Nugent et al., 2007; Niehaus et a/., 2010; Matsui & Williams, 2011; Graziane
et al., 2013; Matsui et al., 2014; Baimel & Borgland, 2015), cocaine (Liu et a/., 2005;
Niehaus et al., 2010), and alcohol (Melis et al., 2002; Guan & Ye, 2010), or following
stressful experiences (Niehaus et al., 2010; Graziane et al., 2013; Polter et al., 2014, 2017
Authement et al., 2015; Ostroumov et al., 2016).

Local VTA GABAergic neurons comprise approximately 35% of cells in the VTA (Nair-
Roberts et al., 2008; Taylor et al., 2014) and form inhibitory synapses onto VTA
dopaminergic neurons (Omelchenko and Sesack, 2009a; Tan et al., 2012; Van Zessen et al.,
2012; Matsui et al., 2014; Simmons et al., 2017). However, dopamine neurons also receive
long-range inhibitory inputs from the rostromedial tegmental nucleus (RMTg, also known as
the tail of the VTA,; Jhou et al., 2009a; Matsui and Williams, 2011; Lammel et al., 2012;
Lecca et al., 2012; Stamatakis and Stuber, 2012; Matsui et al., 2014; Kaufling and Aston-
Jones, 2015; Simmons et al., 2017), the ventral pallidum (Haber ef a/., 1985; Hjelmstad ef
al., 2013), the bed nucleus of the stria terminalis (BNST) (Jennings et a/., 2013), and the
nucleus accumbens (Xia et al., 2011; Bocklisch et al., 2013; Edwards et al., 2017; Simmons
etal., 2017), as well as from more caudal brain regions (Omelchenko & Sesack, 2010;
Sharpe et al., 2017). Inhibitory synapses arising from each of these brain regions are likely
to have distinct functional circuit roles and to be differentially regulated by experience.

Through their modulation of VTA dopamine neuron activity, GABAergic afferents from
both the RMTg and the VTA play a significant role in reward and aversion (Bourdy and
Barrot, 2012; Tan et al., 2012; Van Zessen et al. 2012; Creed et al., 2014; Jhou et al., 2013;
Vento et al., 2017). Despite recent advances in understanding the circuitry and behavioral
relevance of inhibition in the ventral tegmental area, there are relatively few studies taking
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advantage of modern tools to probe VTA dopamine neuron regulation by distinct sources of
inhibition. Here, we report that RMTg- and VTA-originating inhibitory synapses exhibit
differing basal synaptic properties and short-term plasticity during trains of presynaptic
action potentials. VTA but not RMTg inhibitory synapses also express nitric oxide-
dependent long-term potentiation (LTPgapa)-

Materials and Methods

Animals:

All procedures were carried out in accordance with the guidelines of the National Institutes
of Health for animal care and use and were approved by the Brown University Institutional
Animal Care and Use Committee. VGAT-Cre mice (MVong et al., 2011; Jackson labs, Bar
Harbor, ME) were used for all studies. Homozygous pairs were continuously bred in-house
at Brown University, where they were maintained on a 12-h light/dark cycle and provided
food and water ad /ibitum. A total of 52 mice were used for electrophysiological
experiments and 4 for immunohistochemistry.

Stereotaxic injection of virus:

Intracranial injection of virus was performed at P25-29 on male mice. Mice were deeply
anesthetized with ketamine (75 mg/kg) and dexmedetomidine (0.25mg/kg) and then 200-
300 nL of AAV2-EF1a-DIO-hChR2(H134R)-EYFP (6.4x10e11 molecules/ml) or AAV-
EF1a-DIO-hChR2(H134R)-mCherry (1.3x10e12 molecules/ml) (UNC vector core) was
injected into the RMTg (AP:-2.5, ML: 0.5 DV:-4.4) or VTA (AP:-1.7, ML: £0.75, DV
-4.5). Mice were singly housed post-surgery and allowed to recover for 18-28 days before
further experimentation to allow for optimal expression of virus.

Immunohistochemistry and Imaging

Mice were deeply anesthetized with an intraperitoneal injection of ketamine (75 mg/kg) and
dexmedetomidine (0.25mg/kg) and transcardially perfused with PBS followed by 4% PFA.
Whole brains were removed and post-fixed overnight in 4% PFA, then dehydrated in 30%
sucrose. Using a vibratome, 50 um coronal sections were collected in PBS. For
immunostaining, free floating slices were washed in warmed PBS containing 5% Triton-X
100 (PBS-T), and blocked in 5% normal donkey serum (NDS) and 5% bovine serum
albumin (BSA) in PBS. Sections were then incubated in primary antibody against tyrosine
hydroxylase (Millipore AB152, 1:1000) or FoxP1 (Abcam ab16645, 1:20,000) in 0.1% PBS-
T at 4°C. Sections were washed in PBS, blocked in 5% NDS in 0.25% PBS-T for three
washes (10 min), then incubated in secondary antibodies (donkey anti-rabbit conjugated to
Alexa-594 or Alexa-405 fluorescent dyes, ThermoFisher, 1:500 for tyrosine hydroxylase,
1:1000 for FoxP1) for 3 hours at room temperature. Slices were rinsed in PBS and then
mounted on slides with Fluoromount-G mounting medium (Southern Biotech).

Imaging of immunofluorescence and virally expressed fluorescent proteins was performed
using a Zeiss LSM 800 with 10x, 20x, and 40x (water immersion) objectives. eYFP was
imaged using a 488 nm diode laser; Alexa594 and RFP were imaged using a 561 nm diode
laser; and Alexa 405 was imaged using the 405 diode laser. 40x images represent projections
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of 15-25 z-stacks using 1.03 micron step size over 15-20 microns; 4x images represent
single optical planes 2 microns thick (Voxel size 40X: 0.0243 pm3, 20X: 0.3972 pm3).
Images were processed and analyzed using Zeiss Zen Blue software and Adobe Illustrator
CC 2017.

Preparation of brain slices:

Slices were prepared from deeply anesthetized mice perfused with ice-cold NMDG ringer
(in mM): 92 NMDG, 2.5 KCl, 1.2 NaH,POy4, 30 NaHCO3, 20 HEPES, 25 glucose, 5 sodium
ascorbate, 2 thiourea, 3 sodium pyruvate, 10 MgSOy, 0.5 CaCl, (Ting et al., 2014).
Following perfusion, the brain was rapidly dissected and coronal slices (220 um) were
prepared in NMDG ringer using a vibratome. Sections from both the VTA and RMTg were
collected from all animals to confirm accurate targeting of the viral injection site. Slices
recovered for 1 h at 34°C in oxygenated HEPES holding solution (in mM): 86 NaCl, 2.5
KCI, 1.2 NaH,PQOy4, 35 NaHCOg3, 20 HEPES, 25 glucose, 5 sodium ascorbate, 2 thiourea, 3
sodium pyruvate, 1 MgSQOy, 2 CaCl, (Ting et al., 2014), and then were held in the same
solution at room temperature until use.

Electrophysiology:

General methods were as previously reported (Niehaus et al., 2009; Polter et al., 2014).
Midbrain slices were continuously perfused at 1.5-2 mL / min with ACSF (28-32°C)
containing (in mM): 126 NaCl, 21.4 NaHCOs3, 2.5 KCI, 1.2 NaH,POy, 2.4 CaCl,, 1.0
MgSOy, 11.1 glucose. Patch pipettes were filled with (in mM): 125 KCI, 2.8 NaCl, 2 MgCly,
2 ATP-Na+, 0.3 GTP-Na+, 0.6 EGTA, and 10 HEPES. Unless otherwise indicated, the cells
included in this study were selected based on the presence of an Iy, (> 25 pA) during a
voltage step from —50 mV to - 100 mV; such cells are likely dopaminergic (Ungless &
Grace, 2012; Baimel et al., 2017; Edwards et al., 2017).

Channelrhodopsin-expressing cells were identified visually by eYFP fluorescence and
electrophysiologically by the presence of a persistent inward current response to a 150 ms
light pulse. Channelrhodopsin-induced action potentials were recorded in current clamp
from these cells using a 0.4—4 ms light pulse at 20 Hz. To record channelrhodopsin-induced
synaptic currents, non-fluorescent cells were voltage-clamped at =70 mV and currents were
evoked using 0.4—4 ms light pulses delivered through the microscope objective from a white
LED (Mightex) controlled by an LED driver (LEDD1B, ThorLabs). On this device the duty
cycle range is from 0.2-98%, therefore at 0.2% and 10 Hz a pulse of 200 ms can be evoked
reliably. For all pulses, we report the duration of the square wave TTL pulse used to trigger
the LED; for each pulse there is a rise time of 51 s and a fall time of 79 ps. For experiments
in which channelrhodopsin responses were induced using an LED fiber, 0.2-3 ms light
pulses were delivered through an optical fiber (PlexBright 200/230 um Optical Patch Cable,
Plexon) controlled by an LED driver (LD-1, Plexon). The fiber was placed 100-600 pm
from the recording electrode and directly above the surface of the slice without actually
making contact, allowing for movement of the fiber during recording. Pairs or trains of
stimuli were delivered once every 30 seconds to avoid desensitization of channelrhodopsin.
Series resistance was monitored throughout the experiments and cells were discarded if
these values changed by more than 15% during an experiment. To isolate GABAAR IPSCs,
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6,7-dinitroquinoxaline-2,3-dione (DNQX; 10 uM) and strychnine (1 uM) were added to the
extracellular solution to block AMPA and glycine receptors respectively. When feasible, the
GABAAR blocker bicuculline (10 uM) was added at the end of experiments to confirm that
all residual currents were eliminated. To induce NO-dependent LTPgaga, the NO donor, S-
nitroso-N-acetylpenicillamine (SNAP, 400 uM) was applied via perfused ACSF. These
experiments included 3-isobutyl-1-methylxanthine (IBMX; 100 uM) in the bath for at least
10 min prior to and throughout the application of SNAP to inhibit phosphodiesterase-
mediated degradation of cGMP.

All traces were analyzed using Clampfit software and data were graphed and analyzed using
GraphPad Prism. Throughout, data are presented as mean = SEM unless otherwise noted,
and significance was defined as p < 0.05 (denoted by *). Details of specific statistical tests
used for each experiment are found in the figure legends. Inhibition of optically-evoked
PSCs by pharmacological antagonists of AMPA and glycine receptors was determined by
comparing the mean amplitude of PSCs for the 5 minutes immediately prior to drug
application to the mean amplitude of PSCs 6-10 minutes after drug application. Magnitude
of LTP was determined as mean IPSC amplitude for 10 min just before application of SNAP
compared with mean IPSC amplitude from 10-20 min after SNAP application, unless
otherwise noted. Paired pulse ratios and short-term plasticity during trains were determined
by averaging at least eight traces. One cell was excluded from analysis of short-term
plasticity during trains because it differed from the average data by >4 standard deviations.
For kinetic analyses, we used an average of 10-20 traces with a single peak and a smooth
decay for each cell. Rise time (time from 10-90% of peak IPSC amplitude) was measured
using Clampfit software. Time constant (<) of decay was derived by fitting a single
exponential equation to the curve of the IPSC decay using Clampfit software.

Two cells were excluded from analysis of the tgecay due to values that were >2 standard
deviations from the mean. All n’s refer to the number of cells, and each experimental group
consisted of at least 4 animals.

IBMX was obtained from Enzo Life Sciences. Bicuculline and SNAP were obtained from
Tocris Biosciences. DNQX and strychnine were obtained from Sigma-Aldrich.

Viral targeting of RMTg and VTA inputs

To compare functional properties of inhibitory synapses arising from the RMTg and the
VTA, we utilized a virus-driven optogenetic approach to isolate synapses arising from each
region. While distinguishing the RMTg from the VTA proper in a mouse has been a
somewhat difficult proposition, recent studies have identified a “RMTg-like” area in the
mouse midbrain that we have targeted in our experiments (Stamatakis & Stuber, 2012). To
limit activation to GABAergic neurons, we used VGAT-Cre mice injected with AAV2-DIO-
ChR2-eYFP in either the VTA (Figure 1A-B) or the RMTg (Figure 2A-B). For all
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recordings, we examined eYFP fluorescence in slices from both the RMTg and VTA, and
slices from animals exhibiting fluorescent cell bodies outside the target injection area
(indicated in figure 1B and 2B) were discarded from the study. After allowing 3 weeks for
viral expression, we examined the VTA histologically and electrophysiologically.

In VTA injected animals, we found eYFP-positive fibers and cell bodies in the VTA. eYFP-
positive fibers were generally limited to the area immediately surrounding the injection site,
suggesting that within the VTA, GABAergic neurons primarily target neighboring cells and
do not appear to project widely throughout the VTA (Figure 1D-F). eYFP fluorescence was
not observed in TH+ cell bodies (Figure 1G), indicating that ChR2 expression was limited to
GABAergic neurons. To confirm expression of ChR2 in GABAergic neurons, we carried out
current-clamp recordings in the VTA from eYFP-positive cells (i.e. VGAT-expressing
GABAergic neurons). Photostimulation (0.4—-4 ms, 20 Hz) reliably drove firing of action
potentials in fluorescent cells (Figure 1C) followed by synaptic potentials presumably
resulting from GABA release from neighboring VTA interneurons.

In RMTg-injected animals, eYFP-positive cell bodies and fibers were observed in the
putative RMTg (caudal to the interpeduncular fossa, ventral to the periaqueductal gray and
raphe nuclei, and interspersed with the decussating fibers of the superior cerebellar
peduncle; Figure 2B, D-G). We observed a high degree of overlap between viral expression
and immunostaining for the transcription factor FoxP1, a marker of the RMTg (Lahti et al.,
2016; Thomas Jhou, personal communication). In contrast to the more localized innervation
of VTA GABA neurons, immunohistochemical examination of VTA slices from RMTg-
injected animals revealed dense, widespread, and more evenly distributed innervation of
both the VTA and SNc (Figure 2H-K). Photostimulation (0.4-4 ms, 20 Hz) of eYFP-
positive cells in acute slices containing the RMTg reliably induced action potentials (Figure
2C) followed by synaptic potentials presumably evoked by light-activation of neighboring
RMTg neurons.

Basal synaptic properties of VTA and RMTg inputs

We examined basal properties of synaptic currents originating from RMTg and VTA
afferents using patch-clamp recordings in acutely prepared coronal slices of the VTA. Our
recordings were restricted to I+ neurons located in the lateral portion of the VTA (unless
otherwise noted), a population enriched in nucleus accumbens-projecting dopamine neurons
(Lammel et al., 2008, 2011, 2014; Baimel et al., 2017; Edwards et al., 2017). These neurons
are activated by rewarding stimuli, and optogenetic activation of these dopamine neurons
induces place preference (Lammel et al., 2011, 2012). We voltage-clamped KCl-loaded non-
fluorescent neurons in the lateral VTA and used photostimulation (0.4—4 ms) to elicit inward
synaptic currents. We found reliable synaptic inputs originating from both regions, both in
cells expressing a hyperpolarization induced current (Ih+; usually dopaminergic, Ungless and
Grace, 2012), and in those without (I,,-; GABAergic, glutamatergic, and a subset of
dopaminergic neurons, Lammel et al., 2008, 2012; Ungless and Grace, 2012; Baimel et al,
2017). In I, cells, we noted that synapses originating from the RMTg on average required a
shorter duration of optical stimulation to elicit larger currents (Komolgorov-Smirnov test, D
=0.4971, p=0.007, VTA: n = 25 cells/23 mice, RMTg: n = 21 cells/21 mice), consistent
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with their reported multiple synaptic sites on dopamine cell dendrites (Jhou et al., 2009b;
Figure 3A). Although less dramatic, this pattern was also seen with inputs onto I,- neurons
(Komolgorov-Smirnov test, D = 0.4329, p=0.04, VTA: n = 21 cells/21 mice, RMTg: n = 22
cells/22 mice; Figure 3B). For all subsequent experiments, we recorded only from I, cells.

We next compared the kinetics of GABAR-mediated responses to photostimulation. We
found that the rise time (VTA = 0.96 = 0.08 ms, n = 10 cells; RMTg =1.12 + 0.09 ms, n =
13 cells; Student’s t-test t = 1.328, p = 0.20; Figure 3C) and decay time constant (VTA =
4.62 +0.29, n =7 cells/6 mice; RMTg = 5.25 + 0.36, n = 11 cells/9 mice; Student’s t-test t =
1.249, p=0.23; Figure 3D) of evoked GABAAR currents in VTA dopamine neurons did not
differ between VTA and RMTqg afferents. However paired-pulse ratios from VTA-
originating GABAergic synapses exhibited robust paired-pulse depression, while on average
RMTg synapses exhibited modest paired-pulse facilitation (VTA = 0.75 £ 0.06, n = 8 cells/6
mice, RMTg = 1.10 + 0.08, n = 23 cells/19 mice; Mann-Whitney U= 36, * p=0.01; Figure
3E). Given that ChR2 is a calcium-permeable cation channel, however, it is possible that
alterations in release probability arise from ChR2-mediated changes in presynaptic calcium
availability at the terminal (Zhang & Oertner, 2007). To control for this possibility, we
compared RMTg ->VTA IPSCs in responses evoked by pairs or trains of light delivered
through the objective to those evoked using a fiber optic LED We found no significant effect
of stimulation type or interaction between pulse number and stimulation type, indicating that
there was no effect on the short term dynamics of release (2-way ANOVA, stimulation F1 g =
0.6338, p=0.45; pulse number Fg 7, = 12.89, * represents significant effect of pulse
number, p < 0.0001; interaction Fg 7o = 0.4588, p=0.90; n =5 cells/4 mice Figure 3F). We
also used fiber optic light stimulation at increasing distances from a recorded cell soma and
found little difference in the short-term dynamics of synaptic responses (Figure 3G). These
results indicate that synaptic responses evoked with our full field light are likely to depend
almost entirely on action potential generation in the axons, and are not greatly affected by
direct CaZ* entry through nerve terminal ChR2 channels. Taken together, these data indicate
a significantly higher release probability in synapses arising from local VTA afferents.

Co-release of glutamate and glycine from VTA and RMTg afferents.

Recent studies have shown that VTA GABAergic neurons co-release glutamate in distal
regions (Root et al., 2014; Ntamati & Lu scher, 2016; Yoo ef a/., 2016). To determine if this
co- release also occurs at their local synapses in the VTA, we measured optically-evoked
synaptic currents (PSCs) in the presence of inhibitors of AMPARSs and glycine receptors (10
UM DNQX and 1 uM strychnine; Figure 4A-B). In most cells, the light-evoked synaptic
current was not significantly affected by bath application of DNQX or strychnine (IPSC
amplitude baseline = 205.5 + 36.4 pA, +DNQX = 164.4 + 35.9 pA, +strychnine = 129.0
+22.3 pA; one-way ANOVA corrected for sphericity, F(1.091,5.455) = 2.964, p=0.14;n =6
cells/6 mice). All residual currents after DNQX and strychnine administration were blocked
by the GABAAR antagonist bicuculline (30 uM) (4B). These data suggest that there is little
or no co-release of glutamate or glycine at local synapses between VTA GABAergic neurons
and dopamine neurons.

Eur J Neurosci. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Polter et al.

Page 8

PSCs evoked by photostimulation of RMTg afferents were also not inhibited by DNQX, and
in many cells actually increased in amplitude, indicating that glutamate is not co-released
from these axons (4C-D). Application of strychnine after addition of DNQX, however,
significantly decreased the PSC amplitude, suggesting that the RMTg terminals can co-
release glycine in the VTA. (IPSC amplitude baseline = 350.4 + 79.9 pA, +DNQX = 410.7
+99.3 pA, +strychnine = 329.2 + 89.4 pA; one-way ANOVA corrected for sphericity,
F(.675,10.05) = 7.337, p=0.01; n = 7 cells/7 mice). To confirm that RMTg inputs can indeed
co-release glycine, we tested a separate set of cells to which we applied strychnine alone.
Again IPSC amplitude was decreased (IPSC amplitude baseline = 278.3 £ 59.9 pA,
strychnine = 201.5 + 56.3 pA, paired t-test, p=0.05, n = 6 cells/5 mice). Therefore, local
VTA inhibitory synapses onto VTA dopamine neurons primarily release GABA, with little
to no co-release of glutamate or glycine, while RMTg synapses onto dopamine neurons co-
release GABA and glycine.

Short-term plasticity of VTA and RMTg inputs

Short-term facilitation and depression of synapses can powerfully shape the information
carried by repetitive trains of action potentials. To investigate this, we next compared short-
term plasticity of GABAergic synapses made by RMTg and VTA afferents during trains of
different frequencies. During voltage clamp recordings from VTA dopamine neurons, we
stimulated trains of ten light-evoked GABAAR currents at 5 or 20 Hz (Figure 5). In VTA-
originating synapses, both 5 and 20 Hz stimulation depressed IPSC amplitude over the
course of the train, however; the depression was significantly larger at the 20 Hz frequency
(two-way repeated measure ANOVA: stimulation frequency F(; 11y = 6.268, p=0.03,
interaction F(g g9) = 1.535, p = 0.15; n = 8 cells/6 mice (20 Hz) and 5 cells/5 mice (5 Hz).
Figure 5A-B). In contrast, RMTg-originating synapses exhibited moderate depression that
did not significantly differ between 5 Hz and 20 Hz (Two-way repeated measure ANOVA:
stimulation frequency F(1 27) = 0.2, p= 0.66, interaction F(g 243) = 0.8703, p = 0.55; n = 23
cells/19 mice (20 Hz) and 6 cells/6 mice (5 Hz). Thus, VTA- but not RMTg-originating
synapses exhibit short-term depression with a magnitude that is dependent on the frequency
of stimulation.

Long-term plasticity of VTA and RMTg inputs

Our lab previously characterized long-term potentiation at GABAAR synapses on VTA
dopamine neurons (LTPgapa) using electrical stimulation within the VTA of presumably
mixed GABAergic afferents (Nugent et a/, 2007). LTPgapa is a heterosynaptic form of
plasticity, induced when Ca?* entry through postsynaptic NMDA receptors causes activation
of nitric oxide synthase and production of nitric oxide (NO). NO, acting as a retrograde
messenger, triggers a persistent increase in GABA release by activating cGMP/PKG
signaling in the presynaptic terminal. Accordingly, exogenous application of the NO donor
SNAP can be used to induce LTPgaga (Nugent et al., 2007, 2009). Our recent work has
shown that LTPgaga is blocked after a single in vivo exposure to either drugs of abuse or
stress (Niehaus et al., 2010), and that this loss is correlated with stress-induced reinstatement
of drug seeking (Graziane et al., 2013; Polter et al., 2014, 2017). To examine the differential
involvement of RMTg and VTA inputs, we next tested whether each input was capable of
expressing NO-dependent LTPgagA.
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At GABAAR synapses arising from local VTA GABAergic neurons, we found that bath
application of SNAP potentiated the optically evoked IPSCs (Figure 6A,C,D). While
potentiation was observed in the majority of these experiments, we noted that on average
SNAP-induced potentiation was of smaller magnitude than that typically seen with less
selective electrical stimulation. Although our prior studies indicated that NO-dependent
LTPgaBa is expressed in the presynaptic terminal (Nugent et a/., 2007, 2009), in the
VTA—VTA cells that potentiated with SNAP, the paired-pulse ratios were not significantly
decreased as expected with a presynaptic locus of potentiation (baseline = 0.67 + 0.04, post-
SNAP =0.72 £ 0.7, paired t-test, p= 0.49; n = 6 cells/6 mice, Figure 6E). In contrast to the
potentiation seen at VTA-originating GABAergic synapses, at GABAaR synapses from the
RMTg on VTA neurons, bath application of SNAP did not elicit potentiation (normalized
IPSC amplitude, VTA = 129 + 9% baseline, n = 11 cells/11 mice; RMTg = 89 + 9%
baseline, n = 8 cells/8 mice; Student’s t-test, t = 3.089, represents significant difference
between RMTg and VTA, p=0.007; Figure 6B-D). In fact, in roughly half of the cells
SNAP modestly depressed synaptic transmission. Together our results show that in addition
to differences in short-term plasticity, RMTg and local VTA synapses also exhibit distinct
long-term plasticity in response to NO.

Discussion

Afferent distribution and basal function

The RMTg and local VTA GABA neurons are two significant sources of inhibitory input
onto VTA dopaminergic neurons. Although the existence of the RMTg as a separate entity
from the VTA was once controversial, recent studies indicate that the RMTg is a distinct
functional and anatomical region in both rats and mice (Jhou et a/,, 2009a; Bourdy & Barrot,
2012; Stamatakis & Stuber, 2012; Bourdy et al., 2014). In this study, we used viral-mediated
optogenetics to characterize synaptic function and plasticity of inhibitory synapses from
each region onto VTA dopamine neurons.

We observed a striking difference in the distribution of axons arising from the two regions,
with VTA-originating axons appearing much more limited in spread within the VTA. In
contrast, the widespread and uniform distribution of RMTg axons suggests that these inputs
may coordinate activity across the VTA, and even to the SNc as well. This is consistent with
a proposed role for the RMTg as a “funnel” integrating converging inputs from multiple
aversion- related brain areas to inhibit activity of VTA and SNc dopaminergic neurons (Jhou
et al., 2009b; Kaufling et al., 2009; Bourdy & Barrot, 2012). The more limited and local
distribution of VTA GABAergic axons (Ferreira et al., 2008; Omelchenko & Sesack, 2009)
may instead allow distinct subsets of GABAergic neurons to segregate control of
differentially-projecting dopamine neurons, which are topographically organized into
functionally distinct groups (Lammel et al., 2014). Alternatively, VTA GABAergic neurons
have been reported to be electrically coupled via gap junctions (Stobbs et al., 2004; Allison
et al., 2006), which could synchronize inhibitory signals originating in these neurons across
longer ranges within the VTA without requiring axonal connectivity. We also noted that a
given photostimulus duration evoked on average a larger IPSC in afferents from RMTg
compared to those from VTA. This observation may result from a denser innervation by

Eur J Neurosci. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Polter et al. Page 10

RMTy fibers, but may also reflect other experimental variables such as relative uptake or
expression of virus.

Co-release of GABA and glycine

Our results with selective receptor antagonists indicate that RMTg-originating GABAergic
afferent synapses nearly uniformly co-release glycine, a fast inhibitory neurotransmitter
prevalent in the hindbrain and spinal cord. Our experiments cannot distinguish true co-
release from single nerve terminals (as reported for glycine and GABA release in spinal cord
and brainstem synapses; Jonas et al., 1998; Russier et al., 2002; Rahman et al., 2013; Moore
& Trussell, 2017) from separate glycinergic and GABAergic synapses within the same
population of GABAergic afferents onto a given dopamine neuron. While the functional
consequence of glycine co-release remains unknown, in the spinal cord and brainstem co-
released glycine and GABA frequently play distinct roles in fine tuning neuronal
transmission through the differing kinetics of their receptors or transporters (Russier et al.,
2002; Rahman et al., 2013), and can exhibit independent synaptic plasticity (Chirila et al.,
2014). In contrast, glycinergic and GABAergic responses follow similar time courses in the
auditory midbrain (Moore & Trussell, 2017), suggesting that the two transmitters may in
some cases be functionally interchangeable.

Intriguingly, PSCs evoked from RMTyg afferents frequently /ncreasedin amplitude following
application of DNQX. One potential explanation for this phenomenon is that concurrently
active AMPA receptors shunt inhibitory current from GABA and glycine receptors and that
blocking AMPA receptors removes the shunt. The presence of this effect at most RMTg
afferent synapses but not at VTA afferent synapses suggests that GABAergic/glycinergic
synapses from the RMTg may be located more proximal to concurrently active excitatory
synapses than synapses from local VTA GABA neurons. Alternatively, it is possible that
RMTg nerve terminals express presynaptic kainate or AMPARSs, which can inhibit
presynaptic GABAergic nerve terminals (Lee ef al., 2002; Rusakov, 2005; Bonfardin ef al.,
2010; Daw et al., 2010); bath application of DNQX could relieve a tonic inhibition of
GABA release from RMTg nerve terminals resulting from ambient levels of glutamate (Sah
et al., 1989) producing the observed increase in IPSC amplitude.

At most synapses arising from local VTA neurons, optically-evoked PSCs were insensitive
to both DNQX and strychnine, however, it should be noted that a few (~25%) of these
synaptic inputs were depressed by DNQX, and thus there may be a subset of local
GABAergic neurons that co-release glutamate. This is consistent with recent reports that
VVTA GABA neurons projecting to habenula, dentate gyrus, or ventral pallidum co-release
glutamate (Root et al., 2014; Ntamati & Lu scher, 2016; Yoo et al., 2016). Whether the
divergence in the ability of local VTA GABA neurons to co-release glutamate arises from
distinct subtypes of VTA GABAergic neurons remains to be determined. However, this
observation also suggests that blockade or loss of GABAARS at synapses from VTA
GABAergic neurons could unmask a previously blunted excitatory input onto target cells. In
contrast, the co-release of glycine from RMTyg afferents would instead only enhance the
inhibitory strength of these afferents.
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Differing short- and long-term plasticity at RMTg and VTA afferent synapses

The two inputs differ in their paired-pulse ratio, with VTA synapses exhibiting paired-pulse
depression, suggesting a higher initial release probability. Over longer trains of action
potentials, synapses originating from the RMTg exhibit fairly consistent GABA release
regardless of stimulation frequency (5 or 20 Hz). RMTg neurons typically fire at
approximately 15-20 Hz in vivo (Jhou et al., 2009a; Jalabert et al., 2011; Lecca et al., 2011),
but in many RMTg neurons, the firing rate drops precipitously upon presentation of a reward
or reward-related cue (Jhou et al., 2009a). Therefore, repeated action potentials from RMTg
to VTA cells are expected to be equally effective at inhibiting VTA neurons across a range of
frequencies, even if those frequencies represent different information. In contrast, VTA
GABA cell synapses exhibit synaptic depression that increases at higher frequency. Reported
values of the natural firing rate of VTA GABA neurons are highly variable, ranging from 2—
20 Hz (Steffensen et al., 1998; Gallegos et al., 1999; Cohen et al., 2012; Tan et al., 2012),
with rapid and robust increases in firing rate induced by aversive stimuli (Cohen et al., 2012;
Tan et al., 2012). Although aversive and rewarding stimuli have broadly similar effects on
firing rate in both VTA and RMTg GABA neurons, increased frequency in the VTA—VTA
synapses is expected to result in decreasing GABA release, while inhibitory inputs from
RMTg are expected to remain more consistent across a train. Viral expression of
channelrhodopsin can in some cases artificially increase release probability (Zhang &
Oertner, 2007; Jackman et al., 2014), however, suggesting caution is warranted when
interpreting these results. Our control experiments indicate that the GABA release we
measured during trains and paired pulses results from action potentials invading the
presynaptic terminals rather than from direct Ca2* entry through nerve terminal ChR2
channels. These data provide confidence that our light-evoked responses mimic normal
action potential- dependent release properties.

We also show that synaptic inputs from VTA GABA neurons, but not from RMTg GABA
neurons, exhibit nitric-oxide dependent LTPgaga. It is not surprising that VTA GABA
neurons would exhibit this form of plasticity, as our earlier studies of LTPgapa utilized
electrical stimulation in the VTA itself and most reliably would have activated these inputs.
However, there were notable differences between optically- and electrically-evoked
LTPgaga. While our previous studies suggested a presynaptic site of NO action (Nugent et
al., 2007, 2009), as indicated by a decrease in the paired pulse ratio, we did not observe this
decrease at all potentiated VTA GABA synapses in the current study. Furthermore, although
synapses arising from VTA GABA neurons did exhibit reliable LTP, it was of smaller
magnitude than in our previous studies utilizing electrical stimulation (Nugent et a/., 2007,
2009; Niehaus et al., 2010; Graziane et al., 2013; Polter et al,, 2014, 2017). Notably, our data
are consistent with a recent report using a similar approach, both with respect to the circuit
specificity and magnitude of LTPgaga (Simmons ef al., 2017). These authors also reported
that optically activated nucleus accumbens GABAergic inputs exhibit LTPgaga as well
(Simmons et al., 2017). The differences between optically- and electrically-evoked
LTPgaga could alternatively result from differences in the species and/or age of the animals.
It is further possible that additional inputs such as the ventral pallidum (Hjelmstad et al.,
2013), periaqueductal grey (Omelchenko & Sesack, 2010) or dorsal raphe (Geisler & Zahm,
2005) contribute to electrically-evoked IPSCs, and thus to the plasticity recorded in prior
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studies. The mechanism by which NO-cGMP potentiates the release of GABA from these
synapses is unknown, however, and it is also possible that presynaptic ChR2 expression in
VTA GABAergic afferents interacts with the induction of LTPgaga. Finally, given the
stress-sensitivity of LTPgapa (Niehaus et al., 2010), it is possible that the stress of
stereotaxic surgery and/or single-housing after surgery partially inhibits LTPgaga.-

The inability of inhibitory inputs from RMTg—VTA dopamine neurons to exhibit synaptic
plasticity suggests that they are differentially regulated. We reported previously that
electrically-evoked GABARR synaptic responses on VTA dopamine neurons (likely arising
from the nucleus accumbens, Edwards et a/., 2017) do not potentiate in response to nitric
oxide (Nugent et al., 2009), similarly indicating that at least some GABAergic terminals in
the VTA do not have the necessary signaling machinery for LTPgaga. However, it was
shown previously that the lack of potentiation in RMTg-originating inputs was not
correlated with a change in presynaptic guanylate cyclase in RMTg neurons (Simmons et al.,
2017), suggesting that GC/cGMP signaling is normal in those terminals. In that study, light
activation of ChR2 afferents from each region was used to evoke IPSCs, but LTP was
triggered using electrical high-frequency stimulation, rather than a nitric oxide donor, as in
our experiments. The similarity in our results support the idea that the two methods of
evoking LTP produce the same form of synaptic plasticity.

Inhibitory synapses in the heterogeneous VTA circuit

Neuromodulatory signals may also be localized only to specific synaptic inputs. Our
previous work showed that the block of LTPgaga requires activation of kappa opioid
receptors (Graziane et al., 2013; Polter et al., 2014; Polter et al., 2017). While not tested as
yet, expression of LTPgaga at VTA- but not RMTg-originating GABAAR synapses raises
the possibility that xOR activation has selective effects on plasticity at local inhibitory
synapses arising from VTA GABA neurons. This input-selectivity is likely true for many
neuromodulators, as serotonin, adenosine, and dopamine receptors also selectively modulate
synapses arising from distinct brain regions (Johnson et a/., 1992; Cameron & Williams,
1993; Bonci & Williams, 1997; Shoji et al., 1999; Matsui et al., 2014; Edwards et al., 2017).

Given that both the RMTg and VTA GABAergic neurons play significant roles in aversion
and in “anti-reward” signaling (Bourdy & Barrot, 2012; Creed et al., 2014), it is not
surprising that that they would form inhibitory connections with reward-encoding,
accumbens-projecting dopamine neurons, those we are most likely to have included in our
recordings. While it remains unknown whether both sets of GABAergic neurons also form
synaptic connections with other dopamine neuron subsets, it is likely that they do, given that
we frequently observed photostimulated IPSCs on I,- cells. Future investigations of the
circuit connectivity patterns among these neurons will be particularly valuable.
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Figure 1. I solating synaptic inputs from VTA GABAergic neurons.
(a) Schematic: VGAT- Cre mice were injected with AAV2-DIO-ChR2-eYFP into the VTA.

(b) Coronal sections from 2.91 to 3.63 mm caudal to bregma, illustrating VTA extent at each
level. Green area (VTA) was specifically targeted for viral injections. Coronal outlines
adapted from Paxinos & Franklin, 2012. (c) Current clamp recording from a ChR2-
expressing cell in the VTA. Light stimulation (blue dots) at 20 Hz elicited action potentials
in the cell. Scale bar: 20 mV, 100 ms (d-g) Single coronal section through the VTA,
demonstrating expression of AAV2-ChR2-eYFP 3 weeks after viral injection. (d) Tyrosine
hydroxylase (TH) labels dopaminergic neurons; scale bar, 500 um. (e) Expression pattern of
AAV2-ChR2-eYFP. (f) Overlay of TH (magenta) and AAV2- ChR2-eYFP (green), showing
the expression of the virus within the VTA (VTA, ventral tegmental area; IPN,
interpeduncular nucleus; SNC, substantia nigra compacta; SNR, substantia nigra reticulata).
(9) 40x zoom showing VTA fibers and cell bodies expressing AAV2-ChR2-eYFP (green)
and TH+ cell bodies (magenta). Scale bar: 25 pm.
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Figure 2. | solating synaptic inputsfrom RMTg GABAergic neurons.
(a) Schematic: AAV2-DIO-ChR2-eYFP was injected into the RMTg (caudal to the VTA).

(b) Coronal sections from 4.15 to 4.59 mm caudal to bregma illustrating the extent of the
RMTg at each level; the region in blue represents the RMTg, targeted with injections.
Coronal outlines adapted from Paxinos & Franklin, 2012. (c) Current clamp recording from
a ChR2-expressing cell in the RMTg. Light stimulation (blue dots) at 20 Hz elicited action
potentials in the cell; scale bar: 20 mV, 100 ms. (d-g) Example coronal section through the
RMTyg, demonstrating the expression of AAV2-ChR2-eYFP 3 weeks after viral injection. (d)
FoxP1 staining identifies the RMTg; scale bar, 500 um. (e) Expression pattern of AAV2-
ChR2-eYFP. (f) Overlay of FoxP1 (magenta) and AAV2-ChR2-eYFP (green). (g) Co-
labelling with AAV2-ChR2-eYFP (cytoplasmic; green) and FoxP1 (nuclear; magenta). Scale
bar: 50 um. (h-k) Example coronal section through the VTA, showing terminals from the
RMTg expressing AAV2-ChR2-eYFP. (h) Immunohistochemistry for tyrosine hydroxylase
(TH); scale bar, 500 pm. (i) AAV2-ChR2-eYFP in RMTg terminals within the VTA. (j)
Overlay of TH (magenta) and AAV2-ChR2-eYFP (green). (k) RMTg fibers expressing
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AAV2-ChR2-eYFP (green) in close proximity to TH+ cell bodies (magenta). Scale bar: 50
pm.
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Figure 3. Basal properties of VTA—VTA and RMTg—VTA synapses.
(a) Both VTA (green) and RMTg (blue) inputs have synaptic connections with Iy, cells in

the VTA, though on average RMTg inputs have greater IPSC amplitudes per millisecond of
light stimulation (VTA inputs: n = 25 cells/23 mice; RMTg inputs: n = 21 cells/21 mice). (b)
VTA neurons lacking Iy, receive inputs from both regions, and also have a greater RMTg
IPSC per ms light stimulation (VTA inputs: n = 21 cells/21 mice; RMTg inputs: n = 22
cells/22 mice). (c) Comparison of rise time (10-90% of peak) and decay time constant
(Tdecay) between VTA inputs (n = 7 cells/6 mice) and RMTg inputs (n = 11 cells/9 mice). (e)
RMTg inputs have a significantly greater paired-pulse ratio (PPR) than VTA inputs (* p=
0.01, Mann-Whitney U test; VTA inputs: n = 8 cells/6 mice; RMTg inputs: n = 23 cells/19
mice). Inset, paired light-evoked IPSCs from VTA (top) and RMTg (bottom). (f)
Comparison of short-term depression of RMTg inputs using full-field and focal light-fiber
illumination (n = 5 cells/4 mice). (g) Comparison of IPSCs elicited by a light-fiber placed at
different distances from the cell body. Scale bars: 100 pA, 20 ms.
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Figure 4. Neurotransmitter co-release from GABAergic terminalsin the VTA and RMTg.
(@) Amplitude of light-evoked VTA—VTA PSCs were recorded before and after application

of DNQX (10 uM), and then DNQX + strychnine (1 uM). (b) Representative PSCs during
baseline, and during exposure to DNQX, DNQX + strychnine, and DNQX + strychnine +
bicuculline (30 pM). No significant differences, 1-way ANOVA (n = 6 cells/6 mice). (c) Left
panel: amplitudes of light-evoked RMTg—VTA PSCs recorded before and after application
of DNQX (10 pM), and DNQX + strychnine (1 uM) (* p< 0.05, 1-way ANOVA; n=7
cells/7 mice). Right panel, amplitudes of light-evoked RMTg—VTA PSCs recorded before
and after application of strychnine alone (1 uM) (p = 0.05, paired t-test; n = 6 cells/5 mice).
(d) Representative PSCs during baseline, and during exposure to DNQX, DNQX +
strychnine, and DNQX + strychnine + bicuculline. Scale bars: 100 pA, 20 ms.
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Figure5. VTA—VTA I PSCs exhibit greater short-term synaptic depression at 20 Hzthan at 5
Hz.

(a) Example IPSCs from VTA—VTA inputs evoked by trains of light stimulation at 5 Hz
(top) and 20 Hz (bottom). (b) Summary of train data for VTA inputs, comparing 5 Hz and 20
Hz stimulation (* p= 0.03 effect of frequency, 2-way ANOVA; 20Hz: n = 8 cells/6 mice; 5
Hz n =5 cells/5 mice). (c) Example IPSCs from RMTg—VTA inputs evoked by light
stimulation at 5 Hz (top) and 20 Hz (bottom). (d) Summary of train data for RMTg inputs,
comparing 5 Hz and 20 Hz stimulation. No significant effect of frequency, 2-way ANOVA
(20 Hz: n = 23 cells/19 mice; 5 Hz: n = 6 cells/6 mice). Scale bars: 100 pA, 500 ms.
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Figure 6. A nitric oxide donor potentiates light-evoked IPSCs from VTA—VTA but not
RMTg—VTA inputs.

(a) Representative experiment showing LTPgaga induced by application of SNAP (400 puM;
white bar) during recording of light-evoked IPSCs from VTA slices. Inset: IPSCs during
baseline (black) and 10-20 minutes after SNAP (red). (b) Representative experiment from
mice expressing AAV2-ChR2 in GABAergic cells of the RMTg. SNAP (400 uM; white bar)
application during recording of light-evoked IPSCs did not induce LTPgaga. Inset: IPSCs
during baseline (black) and 10-20 minutes after SNAP (red). (c) Time course of average
IPSC amplitudes during treatment with SNAP for VTA—VTA and RMTg—VTA synapses.
(d) Comparison of LTP magnitude at 10-20 minutes after the addition of SNAP between
VTA and RMTg inputs. * p=0.007, Student’s t-test (VTA: n=11 cells/11 mice; RMTg: n =
8 cells/8 mice). (e) Paired pulse ratios did not significantly change for VTA—VTA inputs in
cells that displayed significant potentiation (=125% baseline). Paired t-test, p=0.49,n =6
cells. Scale bars: 100 pA, 20 ms.
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