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Summary

The ventral tegmental area (VTA) is a major target of addictive drugs, and receives multiple 

GABAergic projections originating outside the VTA. We describe differences in synaptic plasticity 

and behavior with optogenetically driving two opiate-sensitive GABAergic inputs to the VTA, the 

rostromedial tegmental nucleus (RMTg) and the periaqueductal gray (PAG). Activation of 

GABAergic RMTg terminals in the VTA in vivo was aversive, and low frequency stimulation 

induced long term depression in vitro. Low frequency stimulation of PAG afferents in vitro 
unexpectedly caused long term potentiation. Opioid receptor activation profoundly depressed PAG 

and RMTg inhibitory synapses but prevented synaptic plasticity only at PAG synapses. Activation 

of the GABAergic PAG terminals in the VTA promoted immobility, and optogenetically-driven 

immobility was blocked by morphine. Our data reveal the PAG as a source of highly opioid-

sensitive GABAergic afferents and support the idea that different GABAergic pathways to the 

VTA control distinct behaviors.

eTOC

The ventral tegmental area contains many subcircuits that control a diverse repertoire of behavior. 

St. Laurent et al. find that two different presynaptic sources of inhibition that show opposite 
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synaptic plasticity features after the same stimulus pattern that are differentially regulated by 

opioids and mediate distinct behaviors.
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Introduction

The ventral tegmental area (VTA) encodes information about both rewarding and aversive 

stimuli, and is required for the addictive properties of drugs of abuse (Nestler, 2004, Jones 

and Bonci, 2005, Mazei-Robison and Nestler, 2012). The VTA receives inhibitory input 

from local interneurons, but also from numerous extrinsic brain areas (Beier et al., 2015). 

Opiate drugs inhibit GABAergic cells that normally regulate dopamine cell firing, increasing 

their firing rate (Johnson and North, 1992, Gysling and Wang, 1983, Steffensen et al., 2006, 

Ford et al., 2006, Matsui and Williams, 2011). Deciphering the effect of opioids in the VTA 

is a complex task, however, as the relative suppression by opioids differs among GABAergic 

sources (Matsui et al., 2014). This is further complicated by the divergent roles that VTA 

dopamine cells themselves have in regulating reward or aversion (Lammel et al., 2011). To 

place the relative contribution of opioid effects into context, it is essential to understand the 
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heterogeneous properties of different VTA afferents using genetic and anatomical isolation 

of afferent populations (Lammel et al., 2014, Pathan and Williams, 2012).

Here we characterize opiate sensitivity, synaptic plasticity, and behavioral output of two 

distinct GABAergic projections that inhibit VTA dopamine neurons. One major source of 

GABAergic inhibition to the VTA originates in a neighboring midbrain region, the 

rostromedial tegmental nucleus (RMTg) (Jhou et al., 2009b). The RMTg receives excitatory 

glutamatergic projections from the lateral habenula that are required for behavioral 

responses reflecting strong aversion, including passive, active and conditioned avoidance 

(Stamatakis and Stuber, 2012, Jhou et al., 2009a). The aversive nature of this stimulation 

results in part from inhibition by the RMTg cells of the VTA dopamine cells they innervate 

(Jhou et al., 2009a, Hong et al., 2011, Vento et al., 2017; Li et al., 2019), but we do not yet 

have a complete understanding of RMTg-driven behavior or plasticity, for example whether 

triggers exist that persistently downregulate this strong source of VTA dopamine inhibition. 

A defining feature of RMTgGABA→VTA synapses is that they are more robustly depressed 

by μ-opioid receptor (μOR) activation than other sources of GABAergic inhibition in the 

VTA, including local VTA interneurons and nucleus accumbens projections (Matsui and 

Williams, 2011, Matsui et al., 2014), and strongly regulate VTA dopamine cell firing 

(Jalabert et al., 2011). Surprisingly however, these opioid-sensitive GABAergic synapses do 

not exhibit a form of synaptic plasticity known to be blocked after a single in vivo morphine 

exposure, LTPGABA (Nugent et al., 2007, Simmons et al., 2017, Polter et al., 2018). It is not 

known whether RMTgGABA→VTA synapses can express other forms of synaptic plasticity, 

such as long-term depression (LTDGABA) also blocked by in vivo morphine (Dacher and 

Nugent, 2011, Dacher et al., 2013).

Another highly opioid-sensitive brain region is the periaqueductal gray (PAG). The PAG is 

required for diverse opiate actions, as morphine administration into the PAG produces 

analgesia (Jensen and Yaksh, 1989, Lewis and Gebhart, 1977, Mayer et al., 1971, Campion 

et al., 2016), opioid receptor antagonists in the PAG precipitate morphine withdrawal 

(Laschka and Herz, 1977), and microinjections targeting either the PAG or VTA induce 

conditioned place preference (Olmstead and Franklin, 1997). The PAG is organized into 

longitudinal columns that dictate connectivity and behavioral outputs to pain, stress, and 

threats: dorsal subdivisions (dPAG) are associated with the generation of both active and 

passive responses (including e.g. both freezing and flight) while ventral PAG subdivisions 

(vPAG) are generally associated only with coordination of passive behaviors (Bandler and 

Shipley, 1994, Bandler and Keay, 1996, Vander Weele et al., 2018, Wright and McDannald, 

2019, Lefler et al., 2020), and analgesia is also most profound when morphine is locally 

targeted to the caudal portion of the ventrolateral region (Yaksh et al., 1976). The vPAG 

sends both glutamatergic and GABAergic projections to the VTA (Omelchenko and Sesack, 

2010, Ntamati et al., 2018, Faget et al., 2016; Waung et al., 2019) that are non-

catecholaminergic (Suckow et al., 2013). Activating the ventrolateral PAG induces 

quiescence, i.e. reduced spontaneous activity (Depaulis et al., 1994). A recent study reported 

that the GABAergic vPAG cells also enhances anxiety phenotypes and inhibits conditioned 

fear responses, without affecting freezing per se (Lowery-Gionta et al., 2018). Despite these 

intriguing findings, the functional relevance of RMTgGABA→VTA synapses is poorly 

defined and has received far less attention than the RMTgGABA→VTA pathway. Here, using 
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an optogenetic approach to compare the physiological, plastic, and behavioral properties of 

these two GABAergic afferent pathways to the VTA we found striking differences.

Results

RMTgGABA→VTA synapses undergo long-term depression

Recent reports from our lab and others have demonstrated that plasticity of GABAergic 

synapses in the VTA is afferent-specific; both groups independently found that the RMTg 

afferents do not exhibit nitric oxide-dependent LTP (LTPGABA) (Simmons et al., 2017, 

Polter et al., 2018). We asked whether RMTg synapses can exhibit another form of 

plasticity: low frequency stimulation-induced LTD (LFS-LTDGABA), first reported using 

local electrical stimulation (Dacher and Nugent, 2011). We used an optogenetic strategy, 

injecting an adeno-associated virus into the RMTg of a VGAT-IRES-Cre mouse to express 

channelrhodopsin (AAV2-DIO-ChR2-mCherry). Several weeks later, we prepared acute 

midbrain slices and selectively drove RMTg afferents while recording in VTA cells (Figure 

1A; Figure S1A–B). We optically evoked GABAergic IPSCs using brief LED pulses 

(oIPSCs) in VTA cells that had a hyperpolarization-induced current (Ih); in a subset of 

experiments, cells were additionally validated using a Pitx3:GFP line in which dopamine 

cells can be identified (Figure S1D) (Maxwell et al., 2005). After establishing a stable 

baseline of oIPSCs, delivery of optical low-frequency stimulation (oLFS: 1 Hz, 6 minutes 

during depolarization to −40 mV) modestly depressed RMTg GABAergic oIPSCs recorded 

in VTA cells (77 ± 8% of baseline, n = 13 cells; Figure 1B–E). Furthermore, this LTD 

persisted in the presence of the NMDAR antagonist, d-APV (Figure 1C–E). The baseline 

amplitude was not correlated with depression magnitude (Figure S1C). LFS-LTDGABA was 

previously shown to be attenuated by dopamine D2 receptor antagonists (Dacher and 

Nugent, 2011), most likely as a result of somatodendritic dopamine release activating D2 

receptors and opening GIRK channels (Beckstead et al., 2004). To minimize local dopamine 

release, we voltage-clamped the cells at −70 mV during oLFS, and found that RMTg oIPSC 

amplitude was no longer depressed after 6 minutes of 1 Hz stimulation (103 ± 14% of 

baseline, n = 7 cells; Figure S1E–G), suggesting that presynaptic stimulation alone is 

insufficient to induce this form of plasticity, and consistent with mechanisms underlying 

LTDGABA (Dacher and Nugent 2011).

Synaptic alterations within circuits that govern opiate-related behavior could represent a 

mechanism for critical early changes in the reward pathway in the development of addiction. 

A single in vivo exposure to morphine alters known forms of synaptic plasticity in the VTA, 

including LTP at excitatory synapses (Saal et al., 2003) and LTPGABA and LTDGABA at 

inhibitory synapses (Nugent et al., 2007, Dacher and Nugent, 2011). RMTg cells are 

hyperpolarized by a pOR agonist [D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO) 

(Matsui and Williams, 2011) and RMTg IPSCs in the VTA are depressed by μOR activation 

(Matsui et al., 2014). Opioids therefore can acutely increase VTA dopamine cell firing by 

hyperpolarizing RMTg GABAergic cells and reducing GABA release from their synapses 

on VTA dopamine cells (Johnson and North, 1992, Gysling and Wang, 1983, Steffensen et 

al., 2006, Ford et al., 2006, Matsui and Williams, 2011). As reported previously, DAMGO 

depressed oIPSC amplitude from RMTg afferents in VTA cells (40 ± 5% of baseline; Figure 
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1F–G). To test whether acute exposure to opiates also regulates the induction of LTD at 

RMTgGABA→VTA synapses, we measured LTD induced in the presence of DAMGO, and 

found that LTD was unaffected (LTD: 75 ± 9% of baseline; Figure 1H–J). RMTg synapses 

undergo LTD with LFS paired with mild postsynaptic depolarization, independently of μOR 

activation.

Activating RMTgGABA→VTA synapses is aversive

Silencing local GABAergic interneurons in the VTA induces appetitive behaviors (Jennings 

et al., 2013), while activation of these interneurons is aversive and disrupts reward 

consumption (Tan et al., 2012, Van Zessen et al., 2012). Similarly, optogenetic activation of 

lateral habenula excitatory inputs on RMTg cells at 60 Hz in vivo results in robust place 

aversion (Stamatakis and Stuber, 2012). We therefore measured place aversion to stimulation 

of RMTgGABA terminals in the VTA using a real-time place preference procedure (RTPP; 

Figure 2A). We injected AAV-DIO-ChR2-mCherry in the RMTg of VGAT-IRES-Cre mice 

and implanted a light fiber above the VTA (Figure 2B, S2A–B). The RMTg typically has a 

high spontaneous firing rate, reportedly 3–9 Hz in vitro and 10–30 Hz in vivo (Lecca et al., 

2011, Jalabert et al., 2011) but the firing rate can increase to 50 Hz or more during 

presentation of aversive stimuli, such as a strong footshock or mechanical stimulation (Lecca 

et al., 2011). We used 60 Hz optical stimulation in the VTA to drive RMTg synapses at a 

frequency that produced robust IPSCs in VTA neurons in vitro (Figure S2E–F). ChR2-

expressing mice reduced the time spent in the light-paired chamber compared with mice 

expressing the reporter only (F(1, 10) = 10.66, p = 0.009; 60 Hz light test: reporter only 38 ± 

13 s, ChR2 −67 ± 22 s; n = 6 mice/group; p = 0.02; Figure 2B, 2E, see supplemental video 

example). Avoidance persisted in a posttest conducted 24 hours later without light 

stimulation (reporter only 6 ± 27 s, ChR2 −95 ± 37 s, n = 6 mice; p = 0.02; Figure 2B). 

During the light tests and post-tests, ChR2 mice decreased the number entries into the light 

chamber compared to pretest values (Figure S2C), while the mean velocity in the light vs. 

pretest and total distance traveled vs. pretest were not significantly different (velocity: F (1, 

10) = 1.89, p = 0.20, distance: F (1, 10) = 0.64, p = 0.44; Figure 2C–D). Furthermore, gross 

locomotor activity was unaffected by light stimulation as performance on a rotarod test with 

and without 60 Hz light stimulation did not differ between ChR2 and reporter only mice 

(Figure S2D). These data support our hypothesis that activation of GABAergic RMTg 

synapses in the VTA is aversive. As in all such studies, our in vivo optical stimulation must 

be interpreted conservatively, given the possibility of activation of axon collaterals to other 

brain regions or fibers of passage. RMTg projections are strongest to the VTA and substantia 

nigra, so a light fiber placed above the VTA could in theory provide some activation of 

axons to the neighboring substantia nigra. However, our observation of aversion is consistent 

with previous observations of aversion during local inhibition of VTA dopamine neurons 

(Tan et al., 2012, Van Zessen et al., 2012) and less so with inhibition of SNc neurons 

(Saunders et al., 2018).

vPAGGABA→VTA synapses display an unusual form of LTP after low frequency stimulation

In contrast to afferents originating in the RMTg, plasticity and behavior at GABAergic 

afferents from vPAGGABA→VTA has never been investigated. We first targeted ChR2 to the 

PAG using AAV-hsyn-ChR2-EYFP (Figure 3A, S3A), and pharmacologically isolated 
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GABAergic synaptic currents in VTA cells in slices from these animals by blocking glycine 

and AMPARs during afferent light pulse stimulation (Figure S3B). We then tested the same 

oLFS protocol that induced LTD in RMTg→VTA synapses. Surprisingly, rather than 

triggering LTD, oLFS of vPAG GABAergic oIPSCs instead triggered robust LTP (149 ± 

15% of baseline amplitude, n = 15 cells; Figure 3B–D, S3C–D). Potentiation was induced in 

the presence of d-APV, indicating that NMDAR activation was not required for LTP 

induction. To drive GABAergic PAGGABA→VTA synapses selectively, we repeated these 

experiments using viral injections of AAV-DIO-ChR2-mCherry in VGAT-cre mice to infect 

only VGAT-expressing cells (Figure 3E, S3A). Using this optogenetic strategy, oLFS still 

elicited LTP of PAG oIPSCs (129 ± 11 % of baseline amplitude, n = 9 cells; Figure 3F–H).

We carried out several experiments to clarify the mechanisms underlying oLFS-induced 

LTP. We thought that oLFS might release a neurotransmitter or peptide in addition to GABA 

that acts on a postsynaptically located GPCR required for LTP induction (Lante et al., 2006, 

Gibson et al., 2008, Gonzalez et al., 2014). To test this possibility, we included GDP-βS (1 

mM) in the recording pipette to prevent GPCR signaling in the postsynaptic cell. However, 

oLFS of PAG afferents elicited robust LTP under these conditions (147 ± 16% of baseline 

amplitude, n = 5 cells, Figure S4A–C). Similar to LFS-LTDGABA elicited at RMTg 

synapses, mild depolarization was required for LTP induction, because when the cell was 

voltage-clamped at −70 mV during the oLFS protocol, oLFS failed to induce LTP (96 ± 9% 

of baseline amplitude, n = 6 cells; Figure S4D–F). Postsynaptic intracellular Ca2+ is required 

for many forms of plasticity, including NMDAR-independent forms (Gibson et al., 2008, 

Heifets and Castillo, 2009, Luscher and Huber, 2010), and we therefore next included 

BAPTA (30 mM) in the recording pipette, to chelate postsynaptic intracellular Ca2+. This 

manipulation also prevented LTP, indicating that a rise in postsynaptic calcium during oLFS 

is required for LTP induction (95 ± 8% of baseline amplitude, n = 7 cells, Figure S4G–I). 

Together our results favor a mechanism that does not require postsynaptic GPCRs but may 

depend on non-NMDAR mechanisms of postsynaptic depolarization and Ca2+ influx.

Opioid-receptor activation blocks LTP of PAGGABA→VTA synapses

Like RMTg neurons, GABAergic cell bodies in the PAG are robustly hyperpolarized by 

μOR activation (Vaughan et al., 2003), however, the effect of opioids on vPAG synapses in 

the VTA is not known. DAMGO potently but reversibly depressed vPAG olPSCs (24 ± 6% 

of baseline amplitude, n = 10 cells; Figure 3I–J). PAG olPSCs were depressed even more 

than RMTg olPSCs at this concentration of DAMGO (Figure S4J). Moreover, 1 μM 

DAMGO in the bath also entirely prevented LTP induction by oLFS at PAG synapses 

(olPSC amplitude after oLFS: 76 ± 9% of baseline, n = 7 cells, Figure 3K–M). Thus, 

GABAergic PAG synapses on VTA neurons are robustly depressed and are no longer 

capable of exhibiting LTP in the presence of opioids.

Activating vPAGGABA→VTA synapses in vivo increases immobility

Despite a wealth of literature detailing PAG-mediated behaviors, the outcome of specifically 

activating vPAGGABA→VTA synapses in vivo is unknown. Activating the vPAG induces 

quiescence or freezing (Depaulis et al., 1994, Keay and Bandler, 2001, Morgan and Carrive, 

2001; Taylor et al., 2019b) while activating GABAergic cells in the vPAG facilitates 
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nociception (Samineni et al., 2017); the vPAGGABA→VTA projection may participate in 

some of these behaviors. Given the role of the VTA in reward and aversion, we tested RTPP 

while activating this pathway; this simple behavioral test provides information not only on 

preference or aversion, but also on locomotor behavior and freezing. The experimental 

design also allowed us to perform within-group testing of in vivo low frequency stimulation 

just prior to the RTPP.

We expressed AAV-DIO-ChR2-mCherry in the vPAG of VGAT-cre mice, and first recorded 

in vitro from ChR2+ cells within the vPAG during light trains. We found a robust light-

induced increase in cell firing (Figure S5A); VGAT+ cells within the PAG slices fired 

spontaneously in vitro (8.1 ± 1.1 Hz, n = 3 cells, data not shown), a range similar to that 

reported in vivo (Tovote et al., 2016). For behavioral assays, we chose a 20 Hz frequency, 

which is higher than this basal firing rate and had high spike fidelity in the PAG (Figure 

S5A). We recorded from VTA cells in midbrain slices to assess the effect of light trains on 

VTA firing rate. Ramps of current induced action potential firing in VTA cells, while the 

same ramp with a concurrent 20 Hz train of LED pulses reduced firing in the same cell 

(Figure S5B); no persistent depression of firing was noted when the light was turned off. In 

the VTA, vPAG oIPSCs were triggered by optical stimulation at 20 Hz, and were blocked by 

bicuculline (Figure S5C).

For behavioral experiments, we targeted vPAGGABA cells selectively with a unilateral viral 

injection in the vPAG of VGAT-cre mice of either stop-floxed ChR2 (AAV-DIO-ChR2-

mCherry) or a fluorescent reporter alone (AAV-DIO-EYFP or AAV-DIO-mCherry) and 

implanted a light fiber ipsilaterally in the VTA (Figure 4A and S5D–E). Projections of the 

PAG to brainstem nuclei do not apparently collateralize (Beitz et al., 1983), although PAG 

cells innervating the forebrain may branch to the nucleus raphe magnus and thalamus 

(Barbaresi et al., 1982; Li et al., 1990, Reichling and Basbaum, 1991), raising the possibility 

of optical activation of a subset of afferents to other brain regions, but only if these 

collaterals pass through the VTA where the light fiber would activate them. Testing consisted 

of a four-day RTPP procedure (Figure 4B): 1) a pretest without light stimulation, 2–3) two 

testing days consisting of 20 Hz light stimulation on one side of the apparatus, and 4) a 

posttest without light stimulation. On one of the light test days, mice received in vivo oLFS 

stimulation (1 Hz) for 6min in an empty 30 cm × 30 cm home cage, 15 min prior to the 20 

Hz light test. Surprisingly, driving this GABAergic pathway to the VTA elicited a distinct 

behavioral profile compared with driving RMTg afferents. On light test days, mice in the 

opsin group exhibited a phenotype of intermittent halting in the light chamber when 

receiving photostimulation (see supplemental video, Figure 4C). We therefore measured 

time spent immobile (see Methods) and this analysis revealed an increased percentage of 

time immobile in the light-paired chamber compared to pretest values between experimental 

groups (Figure 4D; F(1,15) = 9.72, p = 0.007). Immobility in the light-paired chamber was 

significantly different between reporter-only and opsin groups in the light test without prior 

oLFS (reporter only −1 ± 5%, n = 7 mice, opsin 17 ± 5%, n = 10 mice) and with oLFS 

(reporter only 0 ± 5%, n = 7 mice, opsin 19 ± 4%, n = 10 mice). Although 1 Hz oLFS did 

not affect mean values for immobility (Figure 4D), the counterbalanced test order could 

mask such an effect. We separated the ChR2 group data by test order to determine if oLFS 

pretreatment augmented the effect of 20 Hz light stimulation. This analysis showed that 
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mice receiving LFS prior to the first 20 Hz light test exhibited more immobility than mice 

that first received 20 Hz light alone (Figure S5F; F(3, 16) = 3.80, p = 0.031), suggesting the 

possibility that LFS preconditioning enhanced the immobility phenotype.

Consistent with the immobile phenotype, the distance traveled in the apparatus vs. the 

pretest values also differed between experimental groups for both light test days (Figure 4E; 

F(1,15) = 11.72, p = 0.004; 20 Hz alone [reporter only 0.0 ± 0.3 m, opsin −1.2 ± 0.2 m], 

LFS/20 Hz light test [reporter only - 0.3 ± 0.2 m, opsin −1.1 ± 0.1 m]). Similarly, the mean 

velocity in the light-paired chamber vs. the pretest values also differed significantly between 

experimental groups for both light tests (Figure 4F; F(1,15) = 8.01, p = 0.013; 20 Hz light 

test alone [reporter only −0.4 ± 0.5 cm/s, opsin −2.0 ± 0.4 cm/s], LFS/20 Hz light test 

[reporter only −0.4 ± 0.6 cm/s, opsin −1.9 ± 0.2 cm/s]). Activity was slightly reduced across 

test days, most likely explained by habituation to the testing apparatus. We also performed a 

rotarod procedure with PAG terminal stimulation in the VTA. Light-induced immobility is 

unlikely to be explained by motor suppression as there were no deficits in motor 

performance on the rotarod (Figure S5G). Quantifying the overall time spent in the light-

paired chamber compared to pretest values revealed no differences between groups during 

any test day (Figure 4G; F(1,15) = 0.47, p = 0.50). A posttest at 24 hours after the second 

light test also did not reveal conditioned place preference or aversion (Figure S5H).

Morphine blocks the vPAGGABA→VTA immobility phenotype

As noted above, we found that opioids potently reduce GABAergic inhibition from PAG 

synapses in the VTA (Figure 3I–J; Figure S4K). Therefore, we hypothesized that in vivo 
morphine would essentially take this vPAGGABA→VTA circuit offline, rendering 

optogenetic stimulation of PAGGABA→VTA synapses ineffective at inducing the immobile 

phenotype. A separate cohort of mice consisting of three groups was used to compare the 

effect of light stimulation (Figure 5A) in the presence of morphine: 1) experimental: ChR2 

mice receiving morphine, 2) negative control: reporter only mice receiving morphine, and 3) 

positive control: ChR2 mice receiving saline (Figure S5I–J). All mice were identically 

handled and habituated to intraperitoneal injections for two days prior to testing; all groups 

received a saline injection before the pretest, and on test day were given morphine (3 mg/kg 

i.p.) or saline 30 minutes prior to the RTPP procedure (Figure 5B), when all groups received 

light stimulation upon entering the light-paired chamber.

We found a significant difference between groups for percentage of time immobile in the 

light-paired chamber compared to pretest values (F(2,18) = 8.5, p = 0.003; Figure 5C). 

Consistent with our hypothesis, only the opsin + saline group increased their percentage of 

time spent immobile, while both morphine groups did not increase their immobility with 

light stimulation (opsin + SAL: 19 ± 2%, n = 7 mice; opsin + MOR: 7 ± 3%, n = 6 mice; 

reporter only + MOR: 2 ± 3%, n = 8 mice). The distance traveled in the apparatus vs. pretest 

values differed between experimental groups (F(2,18) = 6.5, p = 0.007; Figure 5D), again 

with the opsin + saline group traveling significantly less compared to both morphine groups 

(reporter only + MOR: −0.3 ± 0.2 m; opsin + MOR: −0.4 ± 0.2 m; opsin + SAL: −1.0 ± 0.2 

m). These results could not be attributed to an overall difference in locomotion for the 

morphine group, as their change in distance traveled vs. the pretest was not significantly 
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different from the drug- free control group (Figure S5K). Mean velocity in the light-paired 

chamber vs. pretest values also differed among groups (F(2,18) = 9.8, p = 0.001; Figure 5E); 

with the opsin + saline group having reduced mean velocity compared to the two morphine 

groups (reporter only + MOR: 0.1 ± 0.3 cm/s; opsin + MOR: −0.6 ± 0.3 cm/s; opsin + SAL: 

−1.7 ± 0.3 cm/s). As with the drug-free RTPP test (Figure 4), there was no effect on overall 

time spent in the light-paired chamber compared to pretest values for any group during the 

light test or the posttest (F(2,18) = 0.17; p = 0.84; Figure 5F). Our data show for the first 

time a PAGGABA→VTA behavioral phenotype of immobility that is blocked in the presence 

of opioids.

Discussion

Afferent-specific regulation of the VTA

Inhibition of VTA dopamine cells is a key regulator governing diverse behaviors. Our 

findings raise the question of why two GABAergic afferents to the same target brain region 

may have such different effects on behavior. We favor the idea that the RMTg and PAG 

GABAergic afferents to the VTA are embedded in distinct circuits mediating distinct 

behaviors. Our in vivo recordings were all made from neurons in the lateral VTA, suggesting 

that even this subgroup contains cells that participate in distinct circuits (Lammel et al., 

2014, Engelhard et al., 2019; Breton et al., 2019); the VTA cells that receive RMTg input 

themselves may have projection targets distinct from those innervated by PAG inputs (Beier 

et al., 2015), and may furthermore be innervated by a distinct complement of afferents. The 

PAG also targets both dopaminergic and GABAergic VTA neurons (Balcita-Pedicino et al., 

2011, Ntamati et al., 2018), while the RMTg mainly innervates dopamine cells, and the 

complex local circuitry will have to be considered in circuit models. As the neurons we are 

stimulating release GABA, these responses are not likely to involve polysynaptic circuitry, 

but our approach cannot rule out the possibility that VGAT+ cells could produce distinct 

effects via co-release of neurotransmitters such as glutamate (Jonas et al., 1998, Fattorini et 

al., 2015, Granger et al., 2017) or neuropeptides (Omelchenko and Sesack, 2010) and we 

recently have shown that RMTg afferents can co-release glycine (Polter et al., 2018). In 

addition, differences in spontaneous activity and synaptic strength of RMTg vs. PAG 

GABAergic inputs may contribute to distinct behavioral responses.

Synapses from the RMTg to the VTA exhibit LTD after low frequency stimulation

RMTg cells fire spontaneously at relatively high rates (Jhou et al., 2009a, Hong et al., 2011, 

Jalabert et al., 2011, Lecca et al., 2011), and changes in synaptic strength at their VTA 

synapses could therefore powerfully regulate the excitability of dopamine cells. Previous 

work demonstrated that neither high-frequency afferent stimulation (Simmons et al., 2017) 

nor a nitric oxide donor (Polter et al., 2018) applied to optogenetically activated 

RMTgGABA→VTA synapses elicits LTP as these stimuli do at other GABAergic VTA 

synapses (Nugent et al., 2007). We observed LTD that persisted in an NMDAR antagonist, 

that may be identical to the LTDGABA previously described (Dacher and Nugent, 2011). 

CB1 receptor activation can also depress RMTg inputs in the VTA, although the duration of 

the depression beyond 20 minutes is not yet known (Lecca et al., 2012). A strong inhibitory 

input like that from RMTg→VTA may not require a large upward dynamic range, and this 
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might account for the apparent absence of available LTP mechanisms at this synapse. The 

strong reduction of this afferent input by DAMGO indicates that in the presence of opioid 

drugs RMTg→VTA IPSCs will be decreased. Local delivery of morphine into the RMTg in 

vivo reduces firing in some cells to rates as low as 1 Hz (Jalabert et al., 2011). We found that 

these synapses undergo modest LTD when activated at 1 Hz, even in the presence of an 

opioid agonist. In the presence of opioids, RMTg→VTA synapses may therefore be 

depressed further and become more persistently weakened through LTD induction.

Activating RMTg inputs to the VTA is aversive

Directly activating cell bodies in the RMTg or increasing excitatory drive to RMTg cells is 

aversive, and the aversive nature of this stimulation has been attributed to the inhibition of 

VTA dopamine cell firing (Hong et al., 2011, Stamatakis and Stuber, 2012). There are, 

however, other projection targets of RMTg cells that could be responsible for aversion, 

including the dorsal raphe, periaqueductal gray, and pedunculopontine nucleus that also have 

been linked to emotional behavior, although the projection to the VTA is one of the densest 

RMTg efferents (Lavezzi and Zahm, 2011). Conditioned place aversion that developed over 

several days was recently reported using an optogenetic strategy similar to ours to drive 

RMTg GABAergic afferents, while optogenetic inhibition of RMTg to VTA neurons 

produced conditioned place preference (Smith et al., 2018). In our experiments, even a 

single brief exposure was sufficient to produce aversion, as well as creating an aversive 

memory that remained 24 hours later. Taken together, our results suggest that in the presence 

of opioids activation of RMTg→VTA synapses and resulting aversion and aversion-related 

memories may be strongly inhibited. Further work is needed to define the behaviors likely to 

be affected, including nociception (Bourdy and Barrot, 2012, Taylor et al., 2019a)

Unique LTP of synapses from the PAG to the VTA after low frequency stimulation

After finding that LFS depressed RMTgGABA→VTA synapses, we were surprised to find 

that the same protocol instead potentiated vPAGGABA→VTA synapses. There are numerous 

examples of LFS inducing LTD (Bear and Malenka, 1994, Gutlerner et al., 2002), yet very 

few instances of LFS inducing LTP (except when paired with strong depolarization 

promoting NMDA receptor activation) (Bonci and Malenka, 1999, Ikeda et al., 2007, 

Dringenberg et al., 2014, Lante et al., 2006). LFS can potentiate excitatory synapses 

independently of NMDAR activation via mGluR activation in dentate gyrus (Gonzalez et al., 

2014) and in hippocampal CA1 neurons (Lante et al., 2006). Recently, our lab reported that 

electrical LFS of IPSCs in VTA cells could elicit LTP rather than LTD when the stimulation 

site was caudal to the recorded cell (St. Laurent and Kauer, 2019). The present work 

suggests that this caudal stimulation site may preferentially activate PAG afferents. To our 

knowledge, ours are the first reports of LTP at GABAergic synapses elicited by LFS, and 

demonstrate that there are plasticity mechanisms in the VTA that are still being identified. 

LFS-LTPGABA of vPAG→VTA synapses is expected to sharply increase their importance in 

controlling the circuit.

Postsynaptic hyperpolarization or chelation of postsynaptic Ca2+ during oLFS blocked LTP. 

Moreover, μOR activation also prevented LTP, although inhibiting GPCR activity 

postsynaptically had no effect on LTP induction. We speculate that the opioid block of LTP 
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indicates that both postsynaptic and presynaptic mechanisms may be required for LTP. For 

instance, opioids may reduce presynaptic release of not only GABA, but also a peptide 

required in addition to postsynaptic depolarization (which may occur in vivo via burst 

firing). Further work is clearly required to understand the mechanism of this LTP. Opiates in 

vivo would be expected both to depress release of GABA from these afferents and to prevent 

LTP, sharply reducing the impact of vPAGGABA→VTA afferents.

PAGGABA inputs to the VTA increases immobility

Activating the GABAergic PAG→VTA input in vivo increased immobility, a phenotype 

associated with nonspecific direct stimulation of the ventrolateral PAG (DePaulis et al., 

1994), and optogenetic stimulation of ventrolateral PAG cell bodies at 20 Hz increased 

freezing in rats (Assareh et al., 2017). PAG-mediated behaviors can require only descending 

motor-related projections, for example, freezing behavior depends on a projection to the 

magnocellular nucleus of the medulla (Tovote et al., 2016). However, there also are 

examples of behaviors regulated by ascending projections from the PAG (Rizvi et al., 1991, 

Vianna and Brandao, 2003) such as the PAG dopaminergic input to the central amygdala that 

is integral for fear learning (Groessl et al., 2018) and to the bed nucleus of the stria 

terminalis that is antinociceptive (Li et al., 2016).

The presence of an inhibitory circuit involving both the PAG and the VTA is intriguing 

because both are known sites of opioid action, but previously little was known about the 

behaviors specifically regulated by vPAGGABA→VTA afferents. Our results show that the 

immobility can be triggered without involving excitatory or dopaminergic cells in the vPAG 

nor most likely, their other afferent targets. Instead of relating to freezing behavior, 

PAGGABA→VTA afferents could contribute to pain-related circuitry (Kender et al., 2008, Li 

et al., 2016, Pezze and Feldon, 2004, Tan et al., 2012). A recent study in rats found that non-

cell type specific vlPAG projections activated with optogenetic stimulation in the VTA 

produced conditioned place aversion that developed over a period of days, and linked the 

aversion to craniofacial pain in a migraine model (Waung et al., 2019). Consistent with this 

idea, chemogenetic activation of GABAergic vIPAG neurons produces hypersensitivity to 

mechanical and noxious thermal stimuli, while inhibiting these cells decreases sensitivity to 

noxious thermal stimuli (Samineni et al., 2017) (although chemogenetic changes were 

produced using systemic injections, so that projections to multiple brain regions were likely 

activated/inhibited). These observations raise the possibility that the immobility we observed 

on a shorter time scale may also be related to nociception.

The vPAGGABA→VTA connection expresses an unusual form of LTP after LFS in vitro, and 

we began to test the behavioral impact of LFS of PAGGABA→VTA synapses in vivo. 

Preceding the RTPP with 1 Hz light stimulation may potentiate the effect of 20 Hz light 

stimulation, as seen by the significant effect of test order in Figure S5F. Interestingly, 

increased immobility with LFS preconditioning appeared to carry over into the second test 

day indicating that perhaps plasticity persisted for at least 24 hours. While the immobility 

phenotype we report is one readout of activating vPAG→VTA afferents, further work is 

needed to fully appreciate the behavioral relevance of this pathway, as well as the LTP that it 

can express.
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Potential role of VTA afferents originating in the PAG for the acute actions of opioids

Drug-induced changes in the reward pathway may precede the transition to addiction (Di 

Chiara and Imperato, 1988). For instance, morphine injections into the PAG result in 

tolerance that may contribute to increased opiate consumption (Siuciak and Advokat, 1987, 

Lane et al., 2004). Many drugs of abuse, including morphine, block at least one form of LTP 

at inhibitory synapses (Nugent et al., 2007, Guan and Ye, 2010, Niehaus et al., 2010, Dacher 

and Nugent, 2011). Here we show that PAGGABA→VTA synapses are profoundly depressed 

and LFS-LTPGABA is prevented by acute μOR activation, although LFS-LTDGABA of RMTg 

synapses is unaffected. Future studies will be needed to determine how prior in vivo 

exposure to morphine affects these two forms of synaptic plasticity over a longer time period 

(Nugent et al., 2007; Dacher and Nugent, 2011). Moreover, increased immobility seen with 

PAGGABA→VTA photostimulation is absent after morphine treatment in vivo. It is likely 

that morphine reduces GABA release to levels that are no longer effective in altering the 

firing of VTA cells, thus interrupting the normal role of afferent stimulation triggering 

immobility. Although in our experiments morphine could act at multiple sites, the reversal of 

immobility by morphine is consistent with the idea that opiate drugs are capable of 

removing the influence of the PAGGABA→VTA pathway. The resulting disinhibition of 

dopamine neurons could in theory promote opiate reward. Our observations underline the 

importance of dissecting the complex circuitry of the VTA, as well as the divergent ability of 

distinct afferents to express synaptic plasticity and susceptibility to opiate drugs (Birdsong et 

al., 2019).

STAR Methods

Lead Contact and Materials Availability

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Julie A. Kauer, Ph.D. (jkauer@stanford.edu).

This study did not generate new unique reagents.

Experimental Model and Subject Details

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 and Stanford University Institutional Animal Care and Use Committees. This 

study used VGAT::IRES-Cre (Jackson Laboratory, stock number: 028862, strain code: 

B6J.129S6(FVB)-Slc32a1tm2(cre)Lowl), DAT::IRES-Cre (Jackson Laboratory, stock 

number:006660, strain code: B6.SJL-Slc6a3tm1.1(cre)Bkmn/J), Ai14 (Jackson Laboratory, 

stock number: 007908, strain code: B6;129S6-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J), 

Pitx3:GFP (Zhao et al., 2004) and C57BL/6 male and female mice bred in-house. Mice were 

maintained on a 12-h light/dark cycle and provided food and water ad libitum.

Method Details

RTPP—We used custom-made, two-chamber behavioral arenas (35 × 30 × 30 cm) for 

RTPP experiments. For all tests, we assigned one counterbalanced side of the arena as the 

light stimulation side and each test lasted for a total duration of 10 min. At the onset of the 
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test, mice were placed in the center of the arena between the two chambers and the test was 

immediately started. For tests where light stimulation was present, light pulses were 

triggered by entry into the designated light-paired chamber and delivered constantly at the 

appropriate frequency (60 Hz for RMTg, 20 Hz for PAG experiments) until the mouse 

crossed into the non-stimulation side where light delivery was immediately terminated. We 

recorded behavioral data and light stimulation was triggered via a CCD camera interfaced 

with Ethovision software (Noldus Information Technologies). Light stimulation was 

triggered by 10 ms TTL pulses generated by a Master-8 connected to an LED driver (Plexon 

LD-1). For RMTg experiments, mice underwent 3 test sessions each separated by 24 h: 

pretest, 60 Hz light stimulation, and posttest. For PAG drug-free experiments, mice 

underwent 4 test sessions each separated by 24 h: pretest, 20 Hz light stimulation, LFS 

preconditioning & 20 Hz light stimulation, and posttest. Days 2 and 3 were counterbalanced. 

For PAG morphine experiments, mice received a single intraperitoneal injection of saline in 

the animal facility and were returned to their home cage once per day for two days preceding 

testing. On day 1 (pretest), mice received an injection of saline i.p. 30 min prior to being 

tested in the RTPP apparatus; on day 2, mice received a single i.p. injection of morphine (3 

mg/kg at 1 mg/ml) or the equivalent volume of saline 30 min prior to being tested. For all 

sessions (pretests, light tests, LFS preconditioning, posttests), mice were connected to a light 

fiber with black tubing covering the ferrule connector to reduce the amount of light visible 

from the head cap. We calculated immobility by averaging the velocity of the center point of 

the mouse every 10 samples; values less than 1.75 cm/s over this period were categorized as 

time spent immobile.

Rotarod—A subset of mice (RMTg: n = 6 mice/group; PAG: n = 5 mice/group) used for 

behavioral assays were tested on a rotarod. First, mice were placed on a 5 lane rotarod for 

mice (Med Associates) at a starting speed of 4 rpm. After a brief session where the mouse 

learned to walk forward to avoid falling off, we next trained the mice to walk at 20 rpm by 

gradually accelerating the speed until the mouse was able to maintain 20 rpm. After a period 

of rest, the mouse was attached to a fiber optic cable and returned to the rotarod. After a 

stable 3 min baseline period at 20 rpm to acclimate to the fiber optic cable, light stimulation 

was turned on for 1 min (20 or 60 Hz for PAG and RMTg mice, respectively). Light 

stimulation was followed by 1 min of light off. Number of falls or complete inversions on 

the rotarod per minute were compared between light on and light off conditions.

Immunohistochemistry—Mice were deeply anesthetized with ketamine (75 mg/kg) and 

dexmedetomidine (0.25mg/kg) i.p. and transcardially perfused with 50 mL of PBS followed 

by 50 mL of 4% PFA. Whole brains were dissected out and post-fixed overnight, then 

transferred to 30% sucrose in PBS for 48 hours until sunk. Brains were embedded in 3% 

agarose and cut to 50 μm thickness on a Vibratome ® 1000 plus Sectioning System and 

stored in PBS. For virus and optic fiber implant verification, slices were mounted on slides 

with VectaShield mounting medium (Vector Laboratories, Inc.). For immunostaining, free 

floating slices were washed three times (10 min) in PBS, three times (10 min) 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 at room temperature for 1 hour. Sections were 

then incubated in primary antibody against FoxP1 (rabbit anti-FoxP1, 1:20,000 Abcam 
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ab16645) in 0.1% PBS-T at 4°C for 96 hours or overnight, respectively. Sections were 

washed three times (10 min) 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, 2mg/ml ThermoFisher) for 3 hours at room 

temperature. Slices were rinsed five times (10 min) 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 or Zeiss 

Axiolmager Apotome using the 10×, 20× and 40× (water immersion) objectives. eYFP was 

imaged using a 488 nm diode laser; Alexa594 and mCherry were imaged using a 561 nm 

diode laser; and Alexa 405 was imaged using the 405 diode laser. Images were processed 

and analyzed using Zeiss Zen Blue software, AxioVision software, and Adobe Illustrator CC 

2017. Fox P1 staining was used as a marker of RMTg neurons (Lahti et al., 2016).

Method Details

Stereotaxic injections—Stereotaxic surgeries were performed on male and female mice 

between postnatal days 25–35. For RMTg injections, VGAT::IRES-Cre or VGAT::IRES-cre/

Pitx::GFP mice were deeply anesthetized with ketamine and dexdormitor and 200–300 nL of 

AAV2-EF1a-DIO-hChR2(H134R)-EYFP or AAV2-EF1a-DIO-hChR2(H134R)-mCherry 

(UNC vector core) were bilaterally injected into the RMTg (AP:−2.5, ML: ±0.5 DV:−4.4). 

Horizontal slices containing the VTA were prepared 3–8 weeks after surgery. For PAG 

experiments, 200–300 nL of AAV2/9-hsyn-ChR2-EYFP was injected into C57BL6 or DAT-

cre/Ai14 mice or AAV5-DIO-hChR2(H134R)-mCherry was injected unilaterally into the 

PAG of VGAT::IRES-Cre or VGAT::IRES-cre/Pitx::GFP mice (AP: −3.7, ML: 0.4, DV: 

−1.8). Horizontal slices containing the VTA were prepared 3–8 weeks after surgery. Slices 

from injection regions were also prepared to confirm their viral expression locations; data 

from mice with mistargeted injection sites of virus were discarded. RMTg electrophysiology 

# surgeries, 33; approximate number excluded for mistargeting, 5. PAG electrophysiology, 

surgeries 100, approximately 19 excluded for mistargeting.

Optic fiber implantation—For behavioral experiments, mice received a unilateral viral 

injection into the RMTg or PAG as described above. Reporter only groups for RMTg 

experiments received the 200–300 nL of AAV2-DIO-mCherry. Reporter only groups for 

PAG experiments received the 200–300 nL of AAV2-DIO-mCherry or AAV2-DIO-EYFP. 

During the same surgery, a ceramic ferrule with a 200 μM light fiber (ThorLabs) was 

implanted over the VTA on the same hemisphere and affixed to the skull with Metabond and 

dental acrylic. Light output for all ferrules was in the range of 4 – 10 mW at the tip 

measured using an optical power meter (ThorLabs). The exposed end of the ferrule was 

protected with a dust cap except when the mouse was tethered to the LED cable. All 

behavioral assays were performed between 4 and 9 weeks after surgery to allow for adequate 

viral expression. We found that RMTg viral injections have robust terminal expression 

starting at 4 weeks and PAG viral injections have robust terminal expression starting at 6 

weeks. Behavioral data from mice where the virus or implant site was mistargeted were 

excluded from analysis. If injections targeted other brain areas outside of PAG or RMTg, 

data were not collected (slice work) or included in our analysis (behavioral work). Our 

injection sites were determined by light microscopy in fixed tissue for behavioral 
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experiments, and light microscopy of fresh tissue for electrophysiological experiments. 

“Illustrative images of viral injections in Figures 1 and 3 are composite images of DIC and 

fluorescent signal. In some experiments our injections also had some spread to the lateral or 

dorsal PAG rather than solely ventrolateral PAG (inputs from dorsal PAG to VTA are known 

to be sparse (Ntamati et al., 2018; Waung et al., 2019)). We included animals with spread 

into lateral and dorsal regions of the PAG, as these subregions have few to no projections to 

the VTA (unpublished observations from our lab; Ntamati et al., 2018), but we excluded any 

experiments that included dorsal raphe infection. Our results from animals with some spread 

into lateral/dorsal PAG did not differ from those with pure vlPAG, so we are reasonably 

confident that the vlPAG is the region most likely responsible for our results. Because we 

wanted to collect data only from RMTg and not VTA GABAergic afferents, we discarded 

any tissue or behavioral data for which there was any expression in the VTA. This prevented 

overlap with the VTA proper, and likely biased our focal injections in the caudal direction 

for RMTg sites. Mice excluded because of mistargeting of virus or optical fibers: RTPP: 

PAG, 17 mice included,13 mice excluded for mistargeting; RTTP+morphine: PAG, 21 mice 

included, 9 mice excluded for mistargeting; RTTP: RMTg, 12 mice included, 9 mice 

excluded for mistargeting. As with all in vivo optogenetic experiments, there remains the 

possibility of activation of fibers of passage. Because of the ventral location of the VTA (so 

that relatively few regions other than VTA will experience light) as well as our care in using 

only animals with correct VTA-only light fiber placements, we believe that we have 

minimized the issue to the extent possible.

Brain slice preparation—Horizontal slices (220 μm) were prepared from deeply 

anesthetized mice. Mice were perfused with ice-cold oxygenated artificial cerebrospinal 

fluid (ACSF, in mM): 126 NaCl, 21.4 NaHCO3, 2.5 KCl, 1.2 NaH2PO4, 2.4 CaCl2, 1.0 

MgSO4, 11.1 glucose and 5 sodium ascorbate. Following perfusion, the brain was rapidly 

dissected and horizontal slices (220 μm) were prepared using a vibratome. Slices recovered 

for 1 h at 34C in oxygenated HEPES holdi ng solution (in μM): 86 NaCI, 2.5 KCl, 1.2 

NaH2PO4, 35 NaHCO3, 20 HEPES, 25 glucose, 5 sodium ascorbate, 2 thiourea, 3 sodium 

pyruvate, 1 MgSO4.7H2O, 2 CaCl2.2H2O (Ting et al., 2014), and then were held in the same 

HEPES solution at room temperature until use. Slices were then transferred to a recording 

chamber where they were submerged in ACSF without sodium ascorbate, at 30°C with a 

flow rate of 1–2 ml/min.

Electrophysiological recordings—Electrophysiological experiments were performed 

as described previously (Graziane et al., 2013; Nugent et al., 2007). Horizontal or coronal 

midbrain slices were continuously perfused with ACSF containing 10 μM AMPA and 1 μM 

glycine receptor antagonists, 6,7-dinitroquinoxaline- 2,3-dione (DNQX) and strychnine, 

respectively. For all plasticity experiments, GABAergic inputs were isolated using 

pharmacological antagonists of glycine and AMPARs (1 μM strychnine, 10 μM DNQX) and 

voltage-clamped at −70 mV except during oLFS. For DA neurons, −40 mV is in fact closer 

to their “resting” membrane potential than is −70 mV, as these neurons often fire 

spontaneously in vivo or in vitro. Both −70 mV and −40 mV are within the physiological 

range, traversed during normal action potential firing and via inhibitory synaptic potentials. 

In our experiments we either voltage-clamped at - 70 throughout to minimize action 
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potential firing during synaptic stimulation, including during the oLFS protocol, or we 

voltage-clamped at −70 mV except during the oLFS protocol.

Most recordings also included the NMDA receptor antagonist APV (100 μM, except where 

noted). Whole-cell recordings were performed with KCl pipette solution and voltage-

clamped at −70 mV unless otherwise noted. Patch pipettes were filled with (in mM): 125 

KCl, 2.8 NaCl, 2 MgCl2, 2 ATP-Na+, 0.3 GTP-Na+, 0.6 EGTA, and 10 HEPES. In some 

experiments, 30 mM BAPTA or 1 mM GDP-βS were added to the pipette solution and cells 

were held for at least 20 minutes prior to oLFS to optimize drug delivery. In some 

experiments, 125 mM K gluconate was substituted for KCl to minimize alterations in Ecl−. 

For experiments using outward olPSCs, patch pipettes were filled with (in mM): 117 K-

gluconate, 2.8 NaCI, 5 MgCl2, 0.2 CaCl2, 2 ATP-Na+, 0.3 GTP-Na+, 0.6 EGTA, and 10 

HEPES. Presence of a hyperpolarization current was used to select neurons for recording. In 

most experiments, we used cells that had a steady-state h-current greater than 25 pA during a 

step from −50 mV to −100 mV because in the lateral VTA, this measure can indicate 

dopamine cell classification (Ungless & Grace, 2012; Baimel et al., 2017; Edwards et. al, 

2017). Note that this voltage step is different from that used by some other groups (Lammel 

et al., 2014), and we nearly always obtain a larger Ih value if the larger step is used (−40 to 

−120; with a 50 mV step protocol mean Ih of reported cells: 64 ± 10 pA; with the 80 mV 

step protocol, mean Ih of reported cells: 171 ± 28 pA). Furthermore, in 38 of 109 

experiments, VTA dopamine cells were identified via fluorescent labeling using dopamine 

transporter expression in DAT::IRES-Cre/Ai14 mice or tyrosine hydroxylase expression in 

VGAT::IRES-cre/Pitx3-GFP mice (see Figures S1E, S3E, S4C,F,I), and our Ih values do not 

vary significantly from the Ih defined population. Nonetheless, this approach leaves the 

possibility that a subset of our recordings were from non-dopaminergic cells (Margolis et. al, 

2006), and therefore we refer to them instead as VTA cells.

Channelrhodopsin-induced synaptic currents were evoked through the microscope objective 

using 0.1–10 ms full-field light pulses from a white LED (Mightex) controlled by driver 

(ThorLabs) and reflected through a 40x water immersion lens (Polter et al., 2018). Pairs or 

trains of light-evoked IPSCs were separated by 30s to avoid desensitization of the opsin. 

When feasible, oIPSCs were shown to be GABAa receptor-mediated by bath application of 

30 μM bicuculline at the end of recordings. The series resistance was monitored 

continuously during the experiment and cells were discarded for deviations >15%.

Low frequency stimulation protocols—For LFS experiments, after a stable 10 min 

baseline, stimulation was delivered at 1 Hz while voltage-clamping the postsynaptic cell to 

−40 mV for 6 min. Experiments using LFS without postsynaptic cell depolarization 

maintained −70 mV voltage clamp during LFS.

Quantification and Statistical Analysis—All electrophysiology data were analyzed 

using CLAMPFIT software and statistical tests were computed using GRAPHPAD PRISM. 

Significance was determined using a Student’s t-test or one-way ANOVA. Results are 

expressed as mean +/− S.E.M. and significance of p < 0.05 was considered significant and is 

denoted by an asterisk. LTP values are reported as averaged IPSC amplitudes for 10 min just 

before LTP induction compared with averaged IPSC amplitudes during the 10-min period 
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from 10–20 min after manipulation. Behavior was compared by one or two-way ANOVA 

with significant F values followed up with Sidak’s or Tukey’s multiple comparisons post hoc 

tests to compare experimental and control groups.

Data and Code Availability

Data from this study are available from the corresponding author upon request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• RMTg inhibitory synapses in the VTA undergo LTD with low frequency 

stimulation

• PAG inhibitory synapses in the VTA undergo LTP with low frequency 

stimulation

• Opioids prevent LTP at PAG to VTA inhibitory synapses

• Opioids block immobility produced by PAG→VTA inhibitory terminal 

activation in vivo
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FIGURE 1. RMTgGABA→VTA synapses exhibit LTD even in DAMGO
A. Representative viral injection in the RMTg, horizontal section. See Figure S1A for all 

localizations. B. Representative experiment, LTD of olPSCs in a cell is induced by oLFS of 

RMTg GABAergic afferents. Blue bars indicate time of oLFS. In this and all other 

electrophysiological experiments,DNQX/strychnine were included in the bath solution 

except as noted. C. Representative similar experiment in the presence of the NMDAR 

antagonist, d-APV. Insets: olPSCs during baseline (black) and 10–20 min after oLFS (red). 

D. Time course of LTD; averaged olPSC amplitudes before and after oLFS (n = 13 cells). E. 
Mean olPSC amplitudes for each cell comparing a 10 min baseline period and a period from 

10–20 min after oLFS (p = 0.018, paired t-test). In all subsequent figures, d-APV was 

included in the bath solution. F. Representative experiment, 1 μM DAMGO bath application 

depresses olPSCs; 2 μM naloxone reverses this. G. Mean olPSC amplitudes before and in 

DAMGO (p < 0.0001, paired t-test) (n = 11 cells). H. Representative experiment, oLFS 

induces LTD in 1 μM DAMGO. I. Time course of averaged olPSC amplitudes for each cell 

Laurent et al. Page 24

Neuron. Author manuscript; available in PMC 2021 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



before and after oLFS in 1 μM DAMGO (n = 8 cells/mice), and J. mean olPSC amplitudes 

during a 10 min baseline and 10–20 min after oLFS in DAMGO (p = 0.03, paired t-test). 

Data are represented as mean ± SEM. Calibrations: 100 pA, 20 ms. *p < .05, paired t-test of 

amplitude of 10 min baseline vs.10–20 min after oLFS. See also related Supplemental 

Figure 1.
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FIGURE 2. In vivo stimulation of RMTgGABA→VTA synapses is aversive.
A. Real-time place preference (RTPP) experimental timeline. Days 1 and 3 have no light 

stimulation on either chamber side. On Day 2, entry into the light-paired side triggers 60 Hz 

blue light stimulation (light test). On day 3, mice are returned to the testing chamber without 

any light delivery (posttest). B. Left, Diagram: LED stimulation of RMTg terminals in the 

VTA. Right, ChR2 mice spend less time in the light-paired chamber vs. pre-test values 

compared to mice expressing the reporter only (light; n = 6 mice per group). 24 hours later, 

without any optical stimulation, mice still avoid the previously light-paired chamber 

(posttest). C. Velocity (compared to pre-test values) in the light-paired chamber, and D. total 

distance traveled in the apparatus (compared to pre-test values) are not different between 

experimental and reporter-only groups (2-way ANOVAs). E. Representative location plot of 

a control mCherry- expressing mouse (left) and ChR2-expressing mouse (right) during a 10 

minute RTPP test session.<p/>LED light was delivered whenever the mouse entered the 

light-paired chamber. Data are represented as mean ± SEM. See related Supplemental Figure 

2. *p < .05, 2-way ANOVA, post hoc Sidak’s multiple comparisons of reporter-only vs. 

ChR2 mice.
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FIGURE 3. LFS induces opioid-sensitive LTP at PAGGABA→VTA synapses.
A. Representative ChR2-EYFP viral expression in a wild type mouse (horizontal section). 

See Figure S3A for all injection localizations. B. Representative experiment, LTP of olPSCs 

in a cell is induced by oLFS (blue bar) of PAG afferents activated in slices from an AAV-

hsyn-ChR2 mouse; in this and all experiments, DNQX/d-APV/strychnine are present 

throughout. Insets: olPSCs during baseline (black) and 10–20 min after oLFS (red). C. Time 

course of LTP; averaged olPSC amplitudes before and after oLFS (n = 15 cells). D. Mean 

olPSC amplitudes for each cell recorded during a 10 min baseline period and 10–20 min 

after oLFS (p = 0.023, paired t-test). E. Representative ChR2-mCherry viral expression in a 

VGAT-cre mouse allowing expression of ChR2 selectively in GABAergic PAG cells. F. 
Representative experiment, LTP of olPSCs recorded in a VTA cell using oLFS of PAG 

GABAergic afferents (AAV-DlO-ChR2-injected mouse). G. Time course of LTP; averaged 

olPSC amplitudes before and after oLFS (n = 9 cells) and H. mean olPSC amplitudes during 

Laurent et al. Page 27

Neuron. Author manuscript; available in PMC 2021 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a 10 min baseline and 10–20 min after oLFS (p = 0.0495). I. Representative experiment, 1 

μM DAMGO bath application followed by application of 2 μM naloxone. J. Mean olPSC 

amplitudes before and in DAMGO (p = 0.0023, paired t-test) (n = 10 cells). K. 
Representative experiment, oLFS-induced LTP is blocked in 1 μM DAMGO. L. Time course 

of averaged olPSC amplitudes before and after oLFS in 1 μM DAMGO (n = 7 cells), and M. 
mean olPSC amplitudes during a 10 min baseline and 10–20 min after oLFS in DAMGO (p 

= 0.0794, paired t-test). Blue bar indicates time of oLFS. Calibration: 100 pA, 20 ms except 

for K: 25 pA, 20 ms. Data are represented as mean ± SEM. See related Supplemental 

Figures 3 and 4. *p < .05, paired t-test of oIPSC amplitude of 10 min baseline vs.10–20 min 

after oLFS.
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FIGURE 4. In vivo stimulation of vPAGGABA→VTA synapses increases immobility.
A. Diagram: LED stimulation of vPAGGABA terminals in the VTA. B. Experimental timeline 

and design of real-time place preference (RTPP) C. Representative location plot of a reporter 

only mouse (left) and ChR2-expressing mouse (right) during a 10 minute RTPP test session 

with (bottom panels) or without (top panels) LFS preconditioning. LED light was delivered 

constantly at 20 Hz whenever the mouse entered the light-paired chamber. D. Time spent 

immobile increased compared to pretest values in ChR2 mice in the light-paired chamber (n 

= 7 reporter only, n = 10 ChR2 mice; Sidak’s multiple comparisons 20 Hz test: p = 0.026, 

LFS/20 Hz test: p = 0.013). E. ChR2-expressing mice decrease the distance traveled in the 

apparatus (Sidak’s multiple comparisons, 20 Hz test: p = 0.002, LFS/20 Hz test: p = 0.023), 

and F. exhibit reduced velocity in the light-paired chamber vs. pretest values (Sidak’s 

multiple comparisons, 20 Hz test: p = 0.026, LFS/20 Hz test: p = 0.04). G. Average time 

spent in light-paired chamber vs. pretest was unchanged. Data are represented as mean ± 

SEM. See related Supplemental Figure 5. *p < 0.05, One- or two-way ANOVA and post hoc 

Sidak’s multiple comparisons.
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FIGURE 5. Morphine blocks vPAGGABA→VTA stimulation-induced immobility.
A. Diagram: LED stimulation of PAGGABA terminals in the VTA. B. Experimental timeline 

of real time place preference procedure with morphine or saline pre-treatment. C. Time 

spent immobile increased in ChR2 mice receiving saline, but morphine blocked this (n = 8 

reporter only, n = 6 morphine + ChR2, n = 7 saline + ChR2 mice, Dunnett’s multiple 

comparisons, reporter only + MOR vs. opsin + MOR: p = 0.56, reporter only + MOR vs. 

opsin + SAL: p = 0.002). D. A corresponding decrease in distance traveled in the apparatus 

was observed only in ChR2 mice receiving saline (Dunnett’s multiple comparisons, reporter 

only + MOR vs. opsin + MOR: p = 0.95, reporter only + MOR vs. opsin + SAL: p = 0.009, 

opsin + MOR vs. opsin + SAL: p = 0.029). E. A corresponding reduced velocity in the light-

paired chamber was also observed only in ChR2 mice receiving saline (Dunnett’s multiple 

comparisons, reporter only + MOR vs. opsin + MOR: p = 0.31, reporter only + MOR vs. 

opsin + SAL: p = 0.001, opsin + MOR vs. opsin + SAL: p = 0.044). F. Average time spent in 

the light-paired chamber vs. pretest was unaffected by light stimulation. Data are represented 

as mean ± SEM. See related Supplemental Figure 5. *p < 0.05, Two-way ANOVA and post 

hoc Dunnett’s multiple comparisons.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit anti-FoxP1 Abcam ab16645

donkey anti-rabbit conjugated to Alexa-594 Thermofisher R-37119

donkey anti-rabbit conjugated to Alexa-405 Thermofisher A-31556

Bacterial and Virus Strains

AAV2-EF1a-DIO-hChR2(H134R)-EYFP UNC Viral Vector Core n/a

AAV2-EF1a-DIO-hChR2(H134R)-mCherry UNC Viral Vector Core n/a

AAV2-EF1a-DIO-mCherry UNC Viral Vector Core n/a

AAV2/9-hsyn-ChR2-EYFP Penn Vector Core AV-9-26973P

AAV5-DIO-hChR2(H134R)-mCherry UNC Viral Vector Core n/a

AAV-DJ-DIO-EYFP Stanford Gene Vector and 
Virus Core GVVC-AAV-013

AAV-DJ-DIO-mCherry Stanford Gene Vector and 
Virus Core GVVC-AAV-014

Chemicals, Peptides, and Recombinant Proteins

6β-naltrexol Sigma-Aldrich N9412

6,7-Dinitroquinoxaline-2,3[1H,4H]-dione (DNQX) Sigma-Aldrich D0540

Morphine Sigma-Aldrich M8777

bicuculline Tocris 0130

[D-Ala2, NMe-Phe4, Gly-ol5]-enkephalin (DAMGO) Tocris 1171

D-(-)-2-Amino-5-phosphonopentanoic acid (APV) Tocris 0106

forskolin R&D Systems 1099

naloxone R&D Systems 0599

Strychnine Abcam ab120416

tetrodotoxin Tocris 1078

Deposited Data

Raw and analyzed data This paper

Experimental Models: Organisms/Strains

Mouse: VGAT::IRES-Cre strain code: B6J.129S6(FVB)-
Slc32a1tm2(cre)Lowl Jackson Laboratory stock number: 028862

Mouse: DAT::IRES-Cre strain code: B6.SJL-
Slc6a3tm1.1(cre)Bkmn/J Jackson Laboratory stock number:006660

Mouse: Ai14-Cre reporter strain code: B6;129S6-
Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J Jackson Laboratory stock number: 007908

Mouse: wild type C57BL/6 Jackson Laboratory stock number: 00664

Mouse: Pitx3-GFP Strain code: B6.129P2-Pitx3tm1Mli/Mmjax Meng Li, Maxwell et al., 
2005 MMRRC Stock No:41479-JAX

Oligonucleotides

Recombinant DNA
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

Ethovision XT software Noldus Information 
Technologies

https://www.noldus.com/animal-behavior-
research/products/ethovision-xt

pClamp 10 Molecular Devices https://www.moleculardevices.com

ClampFit 10 Molecular Devices https://www.moleculardevices.com

dAndor Solis Oxford Instruments https://andor.oxinst.com/products/solis-
software/solis-i

NIS-Elements Nikon Instruments Inc. https://www.nikoninstruments.com/
Products/Software

GraphPad Prism 7 GraphPad software https://www.graphpad.com

Excel Microsoft https://products.office.com

CorelDRAW 5 CorelDRAW https://www.coreldraw.com

Other
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