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Abstract

BACKGROUND—The ability to appropriately integrate and respond to rewarding and aversive 

stimuli is essential for survival. The ventral pallidum (VP) plays a critical role in processing both 

rewarding and aversive stimuli. However, the VP is a heterogeneous structure, and how VP 

subpopulations integrate into larger reward networks to ultimately modulate these behaviors is not 

known. We identify a noncanonical population of glutamatergic VP neurons that play a unique 

role in responding to aversive stimuli and constraining inappropriate reward seeking.

METHODS—Using neurochemical, genetic, and electrophysiology approaches, we characterized 

glutamatergic VP neurons (n = 4–8 mice/group). We performed patch clamp and in vivo 

electrophysiology recordings in the lateral habenula, rostromedial tegmental nucleus, and ventral 

tegmental area to determine the effect of glutamatergic VP neuron activation in these target 

regions (n = 6–10 mice/group). Finally, we selectively optogenetically stimulated glutamatergic 

VP neurons in a real-time place preference task and ablated these neurons using a virally 

expressed caspase to determine their necessity for reward seeking.

RESULTS—Glutamatergic VP neurons exhibit little overlap with cholinergic or gamma-

aminobutyric acidergic markers, the canonical VP subtypes, and exhibit distinct membrane 

properties. Glutamatergic VP neurons innervate and increase firing activity of the lateral habenula, 

rostromedial tegmental nucleus, and gamma-aminobutyric acidergic ventral tegmental area 

neurons. While nonselective optogenetic stimulation of the VP induced a robust place preference, 

selective activation of glutamatergic VP neurons induced a place avoidance. Viral ablation of 

glutamatergic VP neurons increased reward responding and abolished taste aversion to sucrose.

CONCLUSIONS—Glutamatergic VP neurons constitute a noncanonical subpopulation of VP 

neurons. These glutamatergic VP neurons increase activity of the lateral habenula, rostromedial 
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tegmental nucleus, and gamma-aminobutyric acidergic ventral tegmental area neurons and 

adaptively constrain reward seeking.
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Adaptively modulating (1) reward seeking and responding to aversive stimuli are essential to 

survival. Reward seeking despite negative consequences is a hallmark feature of mood and 

substance use disorders (2–4). These disorders have been associated with altered activity and 

function within the reward system, composed of dopamine (DA) neurons in the ventral 

tegmental area (VTA) and its projections such as the nucleus accumbens (NAc). The ventral 

pallidum (VP) is a critical node in this network, being a primary output of the NAc (5) and 

projecting to the VTA, lateral habenula (LHb), and thalamic nuclei (1,6,7). The VP was first 

identified as a limbic motor interface (8,9) necessary for the expression of motivated 

behavior and for hedonic processing of reward (6,10). In humans and rodents, the VP is 

activated in response to cues predicting reward (11–13), while VP lesions decrease reward 

motivation and hedonic value (14–17). The VP also processes aversive stimuli and has been 

proposed to integrate positive and negative affective information to guide behavior (18–20). 

With its central role in the reward network, modulation of the VP has been explored as a 

therapeutic strategy in psychiatric disease (21). However, to rationally manipulate VP 

function, comprehensive understanding of its heterogeneity, subcircuitry, and function in 

reward-related behavior is needed.

The VP is a predominantly gamma-aminobutyric acidergic (GABAergic) nucleus (22) with 

cholinergic neurons. Within these neurochemical identities, VP neurons exhibit diverse 

morphological and membrane properties (23,24) as well as mixed electrophysiological 

responses to rewarding and aversive stimuli, suggesting functional heterogeneity (6). 

Vesicular glutamate transporter (VGluT2) messenger RNA (mRNA) is expressed in the VP 

(25,26), although it is unclear whether these VGluT2-positive neurons represent a distinct 

subclass or whether they overlap with canonical GABAergic or cholinergic neurons. 

Supporting the idea that subtypes of VP neurons play unique roles in reward-related 

behavior, it was recently reported that a subset of parvalbumin (PV)-positive VP projection 

neurons are capable of glutamate co-release and mediate behavioral changes following 

defeat stress (27). To date, it is not known how the described functional heterogeneity maps 

onto neurochemically defined populations of VP cells or how populations of glutamatergic 

VP neurons contribute to the expression of reward-related behavior.

Here, we characterized a glutamatergic subpopulation of VP neurons and investigated how 

these neurons integrate into the larger reward circuitry. Using patch clamp and in vivo 

electrophysiology, we showed that activation of glutamatergic VP neurons modulates firing 

rates of LHb and rostromedial tegmental nucleus (RMTg) neurons as well as GABA and DA 

neurons in the VTA. Strikingly, while nonspecific optogenetic stimulation of the VP induces 

a robust place preference, selective stimulation of glutamatergic VP neurons produces 

behavioral avoidance. Ablation of these neurons revealed their critical role in adaptively 
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constraining reward seeking. Our results point to the possibility of modulating this 

population as a therapeutic strategy for disorders of maladaptive reward seeking.

METHODS AND MATERIALS

Animals

Adult male and female VGlut2-IRES-Cre, VGAT-IRES-Cre, ChAT-Cre, PV-Cre, and wild-

type littermates on a C57BL/6J background were used (28–30). All procedures were 

conducted in accordance with the Guide for the Care and Use of Laboratory Animals, as 

adopted by the National Institutes of Health, and with approval of the Institutional Animal 

Care and Use Committee at the University of Maryland. (See Supplement for experimental 

details.)

Stereotaxic Surgery

Adeno-assocated virus–expressing Cre-inducible channelrhodopsin-2 (ChR2)-enhanced 

yellow fluorescent protein (eYFP), mCherry, rabies virus, or taCasp was bilaterally injected 

into the VP and expressed for 28 days. Optic fibers, constructed in-house as described 

previously (31), were implanted bilaterally over the VP and secured with three skull screws 

and dental cement. Mice with verified viral infection sites and fiber placements in the VP 

were included in the analyses.

Patch Clamp Electrophysiology

Whole-cell patch clamp recordings were made of the VP, LHb, VTA, and RMTg. Neurons 

were recorded with cesium-based (voltage clamp) or cesium-free (current clamp) 

physiological internal solution. Currents were amplified, digitized, and analyzed using a 

MultiClamp 700B amplifier and Digidata 1440A and Clampex 10.7.0.3 software (Molecular 

Devices, Sunnyvale, CA).

In Vivo Electrophysiology

Mice were anesthetized, and craniotomies were made over the LHb, VTA, and RMTg. 

Silicone electrodes (NeuroNexus Technologies, Ann Arbor, MI) were lowered to the 

recording site. Blue light was delivered to the VP (1-second pulses, 10-second interstimulus 

interval). Voltage was recorded and analyzed using PlexControl, Offline Sorter, and 

NeuroExplorer (Plexon, Dallas, TX).

Behavioral Studies

Real-Time Place Preference—Mice were injected with ChR2, and optic fibers were 

implanted over the VP. Mice were individually run in a behavioral arena with two 

experimental zones distinguished by floor texture and wall patterns. During the test, 4-ms 

light pulses were delivered at 1, 10, or 20 Hz when the mice entered the “active” zone; time 

in zones was analyzed with EthoVision software (Noldus Information Technologies).

Operant Task—Mice were lightly food restricted before training on a fixed ratio (FR)(FR 

1, 2, 3) task for sucrose pellets. Following acquisition, mice were tested for 6 days on an FR 

5 and three progressive ratio (PR) sessions. Mice were then injected with AAV5-flex-

Tooley et al. Page 3

Biol Psychiatry. Author manuscript; available in PMC 2019 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



taCasp-TEV to the VP and allowed 3 days of recovery following surgery. Testing identical to 

baseline sessions continued for a total of 10 days.

Taste Aversion—During habituation (3 days), mice were water deprived and given 30 

minutes to consume tap water in the experimental arena. Water was then replaced with 5% 

sucrose solution; after 4 days baseline, mice were injected with 0.15 lithium chloride (LiCl) 

(M) (2% body weight) and were tested the following day. Drinking was recorded using 

infrared sensors (Arduino).

RESULTS

Glutamatergic VP Neurons Exhibit Distinct Neurochemical and Membrane Properties

We first determined whether glutamatergic VP neurons overlapped with canonical VP 

subtypes. We injected DIO-mCherry into the VP of VGluT2-IRES-Cre mice to visualize 

glutamatergic neurons (Figure 1A). The VP is predominantly GABAergic, with cholinergic 

and PV-positive neurons (22,32,33). We immunostained against PV or choline 

acetyltransferase (ChAT) and quantified overlap with mCherry-expressing neurons. PV was 

coexpressed in 17.5 ± 2.06% of VGluT2-positive neurons, and the extent of overlap varied 

as a function of anterior to posterior gradient, with highest colocalization occurring in the 

anterior VP (anterior 22.6 ± 4.6%, medial 19.7 ± 2.5%, posterior 9.2 ± 2.4%) (Figure 1B). 

ChAT colabeled with 4.3 ± 1.8% of VGluT2-positive neurons (Figure 1C).

Most VP neurons are GABAergic (12,22). To determine the extent of overlap between 

VGluT2-positive and GABAergic neurons, we performed fluorescent in situ hybridization to 

detect Slc17A6 (VGluT2) and Slc31A1 (vesicular GABA transporter [VGAT]) mRNA and 

quantified overlap of fluorescent signals. Slc31A1 mRNA was observed in very few (1.98 

± 0.66%) Slc17A6-expressing neurons (Figure 1D), suggesting sparse neurons capable of 

both glutamate and GABA release (Figure 1D).

Having established that glutamatergic VP neurons exhibit low coexpression with markers of 

canonical VP subtypes, we asked whether these neurons also exhibited distinct membrane 

properties. We injected DIO-eYFP into the VP of mice expressing Cre− in VGluT2-VGAT-

ChAT- or PV-positive neurons and performed patch clamp recordings of genetically 

identified subtypes (Figure 2A–D). The majority (60%) of GABA neurons could be 

classified according to published criteria (24,25,34). These GABA neurons were classified 

as type I based on depolarized membrane potentials (−51.23 ± 2.77 mV) and spontaneous 

firing (4.78 ± 0.42 Hz), while type II neurons exhibited membrane potentials below −60 mV 

(−64.46 ± 1.52 mV) and low spontaneous activity (0.47 ± 0.16 Hz). Type I and type II 

neurons differed in capacitance (type I = 18.6 ± 1.7 pF, type II = 13.4 ± 2.6 pF). Consistent 

with previous studies, ChAT-positive VP neurons exhibited burst firing with an average 

firing rate of 2.04 ± 1.0 Hz, large capacitance (32.41 ± 2.15 pF), and resting potential of 

−58.05 ± 1.79 mV. PV-positive neurons exhibited a membrane capacitance of 17.6 ± 2.3 pF, 

depolarized membrane potential (−51.33 ± 1.62 mV), and high spontaneous activity (9.77 

± 0.89 Hz). VGluT2-positive VP neurons exhibited small capacitance (14.1 ± 1.3 pF) and 

low firing rates (0.86 ± 0.75 Hz), similar to type II neurons. However, the resting membrane 
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potential of VGluT2-positive VP neurons was hyperpolarized (−78.48 ± 2.8 mV), and these 

neurons were significantly less excitable than all other cell types (Figure 2C).

Glutamatergic VP Neurons Receive Input From Striatum and Amygdala and Innervate the 
LHb, RMTg, and VTA

Whole-brain scanning was used to detect monosynaptic inputs to glutamatergic VP neurons 

labeled with pseudorabies virus conjugated to green fluorescent protein (GFP) (Figure 3A). 

The number of GFP-positive cells was quantified in each upstream brain region [according 

to the atlas of Paxinos and Franklin (35)], and the number of GFP-positive cells in each 

brain area was expressed as a proportion of the total GFP-positive cells quantified across all 

brain regions (Figure 3B). The VP is the primary output of the NAc (36). As predicted from 

earlier tracing studies (37,38), the majority of GFP-positive cells were concentrated in the 

NAc shell (20.5 ± 6.2%) and core (9.7 ± 3.7%), and the medial wall of the dorsomedial 

striatum (9.1 ± 2.0%). A significant proportion of GFP-positive cells were also observed in 

the central (5.8 ± 1.3%) and medial (9.1 ± 4.3%) subregions of the amygdala. Cortical and 

midbrain regions were also represented, consistent with the canonical established inputs to 

the VP (Figure 3B, C and Supplemental Table S1).

For anterograde mapping, we infected glutamatergic cells in the VP with ChR2-eYFP and 

observed dense fiber labeling in the VTA, LHb, and RMTg (Figure 4A–D). To determine 

whether glutamatergic VP neurons make functional synapses in these target regions, we 

performed patch clamp recordings of neurons in the LHb, RMTg, and VTA (DA and GABA 

neurons). We observed light-evoked excitatory postsynaptic currents (EPSCs) and inhibitory 

postsynaptic currents (IPSCs) in each neuronal population (Figure 4E). EPSCs were 

observed in 57.1% (104.9 ± 40.6 pA) of VTA GABA, 64.3% (−113.4 ± 43.4 pA) of VTA 

DA, 80.0% (−89.7 ± 20.5 pA) of LHb, and 73.3% (−98.6 ± 23.4 pA) of RMTg neurons. 

IPSCs were less frequent (VTA DA = 42.8%, VTA GABA = 35.7%, LHb = 10.0%, RMTg = 

13.3%) and were never observed in the absence of a light-evoked EPSC. There was no 

difference between areas with respect to proportion of neurons exhibiting light-evoked 

currents, and EPSCs were observed more frequently than IPSCs.

EPSC paired-pulse ratio (PPR) and IPSC PPR for all regions were calculated (EPSC PPR 

LHb = 0.72 ± 0.11, RMTg = 0.65 ± 0.12, VTA DA = 0.64 ± 0.09, VTA GABA = 0.69 

± 0.14; IPSC PPR LHb = 0.71 ± 0.26, RMTg = 0.71 ± 0.26, VTA DA = 0.53 ± 0.19, VTA 

GABA = 0.67 ± 0.22). There was no significant difference in EPSC or IPSC PPR in any 

region (Figure 4F). We confirmed that EPSCs were blocked by the alpha-amino-3-

hydroxy-5-methyl-4-isoxazole propionic acid receptor 6-nitro-7-

sulfamobenzoquinoxaline-2-3-dione, while outward IPSCs were blocked by picrotoxin 

(Figure 4G).

Activation of Glutamatergic Neurons Modulates Firing Activity of LHb, RMTg, and VTA 
Neurons In Vivo

Our patch clamp physiology results indicate that terminal field activation of glutamatergic 

VP neurons in the LHb, VTA, and RMTg evokes predominantly EPSCs. However, there is 

extensive connectivity between these downstream regions; for example, the LHb sends 
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excitatory afferents to the RMTg, which in turn inhibits DA neurons in the VTA (34,39). 

Due to this reciprocal connectivity, potential network effects of glutamatergic VP neuron 

activation on firing rates of these downstream neurons would not be evident in a slice 

preparation. To determine the effect of glutamatergic VP neuron activation on firing rates, 

we performed in vivo recording of the LHb, RMTg, and VTA in anesthetized mice and 

determined the response to activation of glutamatergic VP neurons (Figure 5A, B).

We identified 51 LHb units (4.00 ± 1.60 Hz), 28 of which were significantly modulated by 

stimulation of glutamatergic VP neurons; of these 28 significantly light-modulated units, all 

28 increased their firing rate (Figure 5C). Similarly, we recorded 53 RMTg units (3.79 

± 0.76 Hz), 26 of which were significantly light modulated (Figure 5D); an increased firing 

rate was observed in nearly all (24/26) units, while a decreased firing rate was observed in 

the remaining 2 units. Responses in the VTA were more heterogeneous. Of 44 isolated units, 

8 were negatively light modulated and 9 were positively light modulated. Of the negatively 

modulated units, the baseline firing rate was 1.43 ± 0.34 Hz, which decreased by 22.45% in 

response to light. Of the positively modulated units, the baseline firing rate was 3.76 ± 1.05 

Hz and increased by 36.03% in response to light (Figure 5E). There was no difference 

between animals in terms of baseline (VTA DA: F2 = 1.897, p = .244; VTA GABA: F2 = 

0.799, p = .500, LHb: F2 = 1.58, p = .225; RMTg: F2 = 0.826, p = .450) or light-evoked 

change in firing (VTA DA: F2 = 1.500, p = .296; VTA GABA: F2 = 0.572, p = .593; LHb: F2 

= 0.540, p = .589; RMTg: F2 = 1.533, p = .237). We compared the variability in latency to 

peak change in firing rate for each unit (Supplemental Figure S1). There was no significant 

difference in the latency to peak change in firing rate or in variance to peak firing rate 

between brain areas, nor was there a significant relationship between latency to peak change 

and magnitude of peak change in firing rate. In the temporal cortex, a control region that 

does not receive input from the VP, there was no significant modulation of local field 

potential response or of spiking activity of any of the seven identified units (Supplemental 

Figure S2).

Glutamatergic VP Neurons Constrain Reward Seeking and Contribute to Aversion Learning

We nonselectively stimulated VP neurons in a real-time place preference task (Figure 6A–

C). Mice expressing ChR2 but not eYFP exhibited a robust preference for the stimulation 

(stim)-paired side (ChR2: baseline 51.1 ± 1.4%, stim 77.1 ± 4.9%; eYFP: baseline 49.7 

± 1.7, stim 47.0 ± 5.1%) (Figure 6D). Stimulation of glutamatergic VP neurons at 20 Hz 

induced place aversion (baseline 49.9 ± 2.8%, stim 23.1 ± 6.3%) (Figure 6E, F), while Cre-

negative mice that did not express the optogenetic effector showed no preference or 

avoidance of the stimulation-paired side (baseline 53.1 ± 2.5%, stim 52.8 ± 3.1%) (Figure 

6E, F). Simulation of 10 Hz (change from baseline: −22.55 ± 3.19%, t = 7.058, p = .006) but 

not 1 Hz (change from baseline: 7.80 ± 7.18%, t = 1.087, p = .357) induced real-time place 

avoidance.

To interrogate the role of glutamatergic VP neurons in reward seeking and motivation, we 

trained mice on an operant reward task before selective ablation of glutamatergic VP 

neurons with AAV2-flex-taCasp3-TEVp. Mice first learned an FR task where lever presses 

were rewarded with a sucrose pellet (Figure 7A). There was no effect of genotype on the 
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initial acquisition of the FR responding task (Figure 7B). There was no effect of taCasp3 

lesion on number lever presses made in the FR task (Cre− = pre 197.83 ± 9.5, post 264.13 

± 12.4 presses/session; Cre+ = pre 183.78 ± 10.65, post 214.53 ± 10.8 presses/session) 

(Figure 7C); however, there was a significant increase in rate of responding in taCasp3-

lesioned mice (Cre− = pre 36.09 ± 1.9, post 39.36 ± 2.54 min/session; Cre+ = pre 36.12 

± 2.6, post 22.04 ± 2.31 min/session) (Figure 7D). Following taCasp3 lesion, the number of 

lever presses in the PR task increased (Cre− = pre 372.11 ± 28.14, post 443.39 ± 32.9 

presses/session; Cre+ = pre 496.24 ± 48.87, post 1656.62 ± 444.88 presses/session), as did 

the breakpoint (Cre− = pre 14.47 ± 0.38, post 15.0 ± 0.41; Cre+ = pre 15.2 ± 0.3, post 19.0 

± 0.42; Fsession × genotype = 5.09, p = .001) (Figure 7E) and time of active lever pressing 

during the session (Fgenotype = 245.011, p < .001; Fsession × genotype = 4.727, p = .026).

In a sucrose aversion task, mice with taCasp3 lesions or controls were allowed free access to 

5% sucrose solution. After sucrose intake stabilized over 4 days, mice were injected with 

LiCl and testing was conducted identically the following day (Figure 7F). Baseline drinking 

time was higher in taCasp-lesioned mice relative to control mice, consistent with their 

increased responding and higher breakpoint in the operant task. As previously reported (35), 

LiCl injection significantly reduced sucrose consumption in control mice (50.3 ± 11.1% 

decrease from baseline). However, mice with taCasp lesions of glutamatergic VP neurons 

showed no change in sucrose consumption following LiCl injection (31.4 ± 9.4% 

nonsignificant change) (Figure 7G). There were no differences in spontaneous locomotor 

activity in an open field task between unlesioned mice (82.74 ± 20.83 m) and lesioned mice 

(77.7 ± 17.53 m) (Figure 7I).

DISCUSSION

The VP is a critical region for the expression of motivated behavior and for processing 

rewarding and aversive stimuli. Dissecting the heterogeneity of the VP is essential for 

understanding how the VP contributes to coordinating behavioral responses to rewarding and 

aversive stimuli and is necessary for understanding reward seeking in adaptive and 

pathological states. Glutamatergic VP neurons overlap minimally with GABAergic or 

cholinergic cell markers (Figure 1). Analogous to the external globus pallidus, the VP has 

been reported to contain PV-positive projection neurons (36), some of which are capable of 

glutamate release (27). We found that PV-positive neurons accounted for only a small 

proportion (17.5%) of glutamatergic neurons; the majority of glutamatergic VP neurons did 

not colocalize with PV. Likewise, only a small proportion of PV-positive VP neurons express 

VGluT2 [19.5% (27)]. Electrophysiological measurement of membrane properties further 

indicate that glutamatergic neurons are a distinct subclass; VGluT2-positive neurons 

exhibited a hyperpolarized membrane potential relative to previously categorized 

GABAergic or cholinergic neurons (Figure 2). While our immunohistochemistry results 

indicated a small overlap between glutamatergic and PV-positive neurons, our recording 

from identified PV-positive neurons consistently found slightly depolarized membrane 

potentials and high rates of spontaneous firing (Figure 2), unlike the hyperpolarized 

potential and lack of spontaneous firing observed in the identified VGluT2-positive 

population. One possibility is that our recordings of identified VGluT2-positive neurons did 

not sample from the small subpopulation that coexpresses PV. Future studies will elucidate 
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whether there are meaningful functional properties of the subpopulation of VP neurons that 

coexpress PV and VGluT2. These results indicate that glutamatergic neurons constitute a 

subclass distinct from classically described VP cell types.

Given their unique neurochemical and electrophysiological identity, we next asked whether 

glutamatergic neurons exhibited unique afferent and efferent connections relative to classical 

VP subtypes. Consistent with early tracing studies of inputs to the VP (5,36,37), our 

pseudorabies tracing revealed monosynaptic inputs to glutamatergic VP neurons arising 

predominantly from the NAc but also from cortical and amygdala regions (Figure 3 and 

Supplemental Table S1). Our study did not determine the neurochemical identity of these 

upstream projections, although functional in vivo electrophysiology studies have determined 

that inputs from the NAc are GABAergic, projections from cortical and amygdala regions 

are glutamatergic (39), and inputs arising from the VTA are an important source of DA to 

the VP (40). Patch clamp recordings in the terminal fields of glutamatergic VP neurons 

revealed primarily monosynaptic, light-evoked EPSCs in the LHb, RMTg, and VTA (Figure 

4). In the VTA, we used electrophysiological criteria (capacitance > 30 pF and presence of a 

depolarization-activated inward current) to classify neurons as putative DA or GABA 

(41,42). Our complementary in vivo recordings in anesthetized mice (Figure 5) revealed that 

optogenetic activation of glutamatergic VP neurons significantly increased firing rates of 

LHb and RMTg neurons, while effects in the VTA were more complex. In the VTA, half of 

the modulated single units were increased, while the other half were decreased. Of the 

positively modulated units, all exhibited a narrow waveform and the average basal firing rate 

was 3.8 Hz. All negatively modulated units exhibited a longer triphasic waveform and a 

lower basal firing rate (1.4 Hz). These criteria have been classically used to define neurons 

as GABA or DA (43). Both ex vivo and in vivo recordings were performed in the lateral 

VTA, where classical electrophysiological criteria can usefully distinguish between GABA 

and DA cell types (44). However, we cannot exclude the possibility that some of the putative 

GABAergic neurons we recorded are DA neurons that lack an inward current and exhibit 

smaller capacitance values (45,46). Inhibition of the pallidum has been shown to increase the 

proportion of spontaneously active VTA DA neurons through a disinhibition mechanism 

(47,48). Our results are consistent with this interpretation and also suggest that inhibition of 

this minority of glutamatergic VP neurons may participate in this disinhibition indirectly 

through relieving the excitatory drive on LHb, RMTg, and VTA GABA neurons.

According to models of input–output relationships of the VTA (45,49), the putative VTA DA 

neurons we recorded project to the NAc; a decrease in DA firing and consequent decrease in 

DA release in the NAc would reduce the likelihood of repeating actions that lead to that 

outcome. Based on these network effects, we hypothesized that activation of glutamatergic 

VP neurons would result in behavioral avoidance response to stimulation. Strikingly, while 

nonspecific stimulation of the VP produced robust place preference, consistent with the 

reinforcing properties of VP stimulation in intracranial self-stimulation studies (50,51), 

selective stimulation of glutamatergic VP neurons induced a real-time avoidance of 

stimulation (Figure 6). This indicates that glutamatergic VP neurons are situated to play a 

unique role in reward-related behavior. Given that VP lesions decrease reward motivation 

(15,16,21), we asked whether selective lesions of glutamatergic VP neurons would have the 

opposing effect. Virally mediated caspase ablation of glutamatergic VP neurons increased 
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the rate of responding for sucrose and enhanced motivation for sucrose in a PR task (Figure 

7). Finally, we asked whether glutamatergic VP neurons are necessary for adaptively 

constraining reward seeking by testing the avoidance response to sucrose paired with LiCl. 

We found that ablation of glutamatergic VP neurons rendered mice insensitive to sucrose 

devaluation with LiCl, further supporting the idea that glutamatergic VP neurons adaptively 

constrain reward seeking. In addition to this role in constraining reward seeking, future work 

will determine whether activity of glutamatergic VP neurons alters reward thresholds or 

contributes to behavioral responses to aversive stimuli beyond the context of reward seeking.

Substance use and mood disorders are characterized by maladaptive reward seeking. The VP 

is a central node in the reward system, with reciprocal projections with the NAc, cortex, 

habenula, and midbrain structures, all of which show altered activation during symptoms of 

bipolar disorder and in response to drug-associated cues (52–54). Nonoverlapping 

populations of VP efferents (i.e., projections to the subthalamic nucleus and VTA) are 

activated in response to drug-associated cues, and activity contributes to reinstatement of 

drug seeking (55,56). Mahler and colleagues proposed that glutamatergic efferents from the 

VP to the VTA did not modulate VTA DA neuron activity in slice and did not contribute to 

drug reinstatement (56). Our results support this interpretation. Our slice results showed 

mixed EPSCs and IPSCs onto VTA DA neurons from glutamatergic VP efferents, while in 

vivo recordings, in which network connectivity is preserved, revealed a predominant 

inhibitory effect of glutamatergic VP neuron activation on the VTA DA neuron firing rate. 

Earlier work demonstrated that the RTMg is activated by aversive stimuli and its activity 

inhibits VTA DA neurons (57), while activation of LHb projections to the VTA and RMTg is 

sufficient to induce behavioral aversion (58). Our work extends these findings by identifying 

and characterizing a discrete population of glutamatergic VP neurons that modulate activity 

of the VTA directly and indirectly through polysynaptic effects on LHb and RMTg circuitry. 

While our study did not determine whether the glutamatergic VP neurons projecting to the 

LHb, VTA, and RMTg are distinct populations, our in vivo results suggest that effects of 

glutamatergic VP neuron activation on activity of the interconnected habenula and tegmental 

circuitry, rather than activity of one specific efferent population, mediate behavioral 

avoidance and constraint of reward seeking.

The ability to upregulate activity of glutamatergic VP neurons in response to cues triggering 

inappropriate reward seeking could have potential to inhibit maladaptive reward seeking in 

psychiatric disorders. For example, pallidal structures have been shown to be architecturally 

safe targets for deep brain stimulation in humans and in animal models (59,60), and 

advances in region- and cell-type-specific drug delivery may soon provide strategies to target 

VP subpopulations pharmacologically (61–63). Future work will be needed to leverage the 

unique electrophysiological and genetic properties of glutamatergic VP neurons as a 

potential treatment strategy for disorders of maladaptive reward seeking.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Vesicular glutamate transporter (VGluT2)-positive ventral pallidum (VP) neurons exhibit 

distinct neurochemical properties from canonical VP subtypes. (A) VGluT2-Cre mice were 

injected with floxed mCherry in the VP to selectively label VGluT2-positive VP cells. 

VGluT2-positive VP neurons were expressed through the anterior (Ant) (+0.98 to 0.50 mm 

anterior–posterior relative to bregma; 27.6 ± 3.4 cells/section), medial (Med) (+0.50 to 0.02 

mm anterior–posterior relative to bregma; 97.4 ± 11.8 cells/section), and posterior (Post) 

(0.02 to −0.46 mm anterior–posterior relative to bregma; 55.2 ± 5.6 cells/section) planes of 

the VP. To measure the percentage of selectively labeled glutamatergic neurons that 

colocalize with parvalbumin (PV) and choline acetyltransferase (ChAT), confocal images 
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(20×) were taken of VP sections of VGluT2-Cre mice infected with floxed mCherry and 

immunostained against PV and ChAT primary antibodies, with the secondary antibody 

conjugated to Alexa Fluor 488. (B) Colocalization of PV and mCherry was observed in the 

anterior (22.6 ± 4.6%), medial (19.7 ± 2.5%), and posterior (9.2 ± 2.4%) planes, with 

highest colocalization occurring in the anterior VP (F2 = 4.178, p = .027). (C) ChAT and 

mCherry exhibited little coexpression (anterior 7.4 ± 5.0%, medial 3.3 ± 0.5%, posterior 

2.89 ± 0.59%; F2 = 1.780, p = .183). (D) Fluorescent images and quantification of in situ 

hybridization against VGluT2 (Slc17A6, red) and VGAT (Slc31A1, green) revealed low 

colocalization of VGluT and VGAT cells throughout the VP (anterior 2.0 ± 1.2%, medial 2.3 

± 1.6%, posterior 2.1 ± 1.1%; F2 = 0.100, p = .906). Scale bars: 50 µM. VGAT, vesicular 

GABA transporter.
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Figure 2. 
Vesicular glutamate transporter (VGluT2)-positive ventral pallidum (VP) neurons exhibit 

distinct membrane properties from canonical VP subtypes. (A) Experimental schematic. 

Floxed adeno-associated virus construct encoding enhanced yellow fluorescent protein 

(eYFP) was injected into the VP of VGAT-Cre, ChAT-Cre, PV-Cre, or VGluT2-Cre mice to 

selectively label genetically defined cell types in the VP. Using patch clamp 

electrophysiology, passive membrane properties were measured from parvalbumin (PV)-

positive (PV+; n = 11), gamma-aminobutyric acid (GABA) type I (n = 14), and GABA type 

II (n = 14), choline acetyltransferase (ChAT)-positive (ChAT+; n = 8), and VGluT2-

expressing (VGluT2+; n = 7) VP neurons. (B) Summary of average capacitance values (PV+ 

= 17.6 ± 2.3 pF, GABA I = 18.6 ± 1.7 pF, GABA II = 13.4 ± 2.6 pF, ChAT+ = 32.4 ± 2.1 pF, 

VGluT+ = 14.1 ± 1.3 pF), resting membrane potential (PV+ = −51.3 ± 1.6 mV, GABA I = 

−64.5 ± 1.5 mV, GABA II = −51.2 ± 2.8 mV, ChAT+ = −58.1 ± 1.8 mV, VGluT+ = −78.5 

± 2.8 mV), and firing rate (PV+ = 9.77 ± 0.89 Hz, GABA I = 0.47 ± 0.16 Hz, GABA II = 

4.78 ± 0.42 Hz, ChAT+ = 2.03 ± 1.00 Hz, VGluT+ = 0.86 ± 0.75 Hz) is shown for each 

genetically defined population of VP neurons. VGluT+ VP neurons were significantly 

hyperpolarized, F4 = 27.24 p < .001, Tukey post hoc tests for comparison of VGluT against 

all other populations < .01. (C) For each genetically identified cell population, the number of 

action potentials per second in response to successive current injection (−40 to 200 pA) is 

plotted. Excitability was calculated as area under the curve. There was a significant effect of 

cell type on excitability (F4 = 25.08, p < .001); excitability was lower in VGluT2+ cells 

relative to all other subtypes (ChAT: t = 2.83, p = .011; PV: t = 6.62, p < .001; GABA type I: 
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t = 3.57, p = .001; GABA type II: t = 2.20, p = .034). (D) Representative trace demonstrating 

spontaneous firing rate and waveform of genetically identified VP subpopulations. Scale 

bars for action potential trace: 10 mV, 20 ms. Scale bars for spontaneous activity trace: 10 

mV, 1 s.
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Figure 3. 
Pseudorabies tracing reveals monosynaptic inputs to glutamatergic ventral pallidum (VP) 

neurons. (A) Experimental schematic. Floxed adeno-associated virus constructs encoding 

the rabies G protein and envelope protein, followed by the G-deleted pseudorabies virus 

encoding green fluorescent protein (eGFP), were injected into the VP of VGluT2-Cre mice 

to map monosynaptic inputs to the VP. A confocal image of example starter cells expressing 

mCherry and GFP is shown. (B) GFP-positive cells were quantified in striatal, cortical, 

subcortical, and amygdala subregions and midbrain areas and expressed as a proportion of 

total GFP-positive cells (see Supplemental Table S1). (C) Representative pictomicrographs 

(4×) and insets (20×) showing GFP-labeled cells in the orbitofrontal cortex (OFC) (top left), 

nucleus accumbens core (NAc) and striatum (top center), medial amygdala (MeA) (top 

right), central amygdala (CeA) (bottom left), subthalamic nucleus (STN) (bottom center), 

and ventral tegmental area (VTA) (bottom right). Scale bar = 100 µM. BLA, basolateral 

amygdala; CM, central medial nucleus; DLS, dorsolateral striatum; DMS, dorsomedial 

striatum; GP, globus pallidus; LA, lateral amygdala; LHb, lateral habenula; LS, lateral 
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septum; mPFC, medial prefrontal cortex; NAcS, nucleus accumbens shell; PAG, 

periaqueductal gray; PVN, paraventricular thalamus; RMTg, rostromedial tegmentum; SN, 

substantia nigra.
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Figure 4. 
Glutamatergic ventral pallidum (VP) neurons exhibit functional projections to the lateral 

habenula (LHb), ventral tegmental area (VTA), and rostromedial tegmental nucleus (RMTg). 

(A–D) Experimental schematic and widefield images showing floxed channelrhodopsin-2 

(ChR2) with enhanced yellow fluorescent protein (eYFP) injection sites to the VP of 

VGluT2-Cre mice and terminal fields in the LHb (B), VTA (C), and RMTg (D). (E) Patch 

clamp recordings were made of neurons in the terminal fields of vesicular glutamate 

transporter–positive VP neurons in the LHb (n = 20, capacitance = 17.63 ± 1.32 pF), RMTg 

(n = 15, capacitance = 26.83 ± 2.56 pF), and VTA (dopamine [DA] neuron n = 14, 

capacitance = 55.53 ± 5.097 pF, gamma-aminobutyric acid [GABA] neuron n = 14, 

capacitance = 19.96 ± 1.64). Recordings made at −70 mV revealed robust inward excitatory 

postsynaptic currents (EPSCs) (LHb: 80.0% connected, −89.7 ± 20.5 pA; RMTg: 73.3% 

connected, −98.6 ± 23.4 pA; VTA DA: 64.3% connected, −113.4 ± 43.4 pA; VTA GABA: 

57.1% connected, −104.9 ± 40.6 pA), and recordings made at 0 mV revealed infrequent 

outward inhibitory postsynaptic currents (IPSCs) (LHb: 10% connected, 33.5 ± 19.6 pA; 

RMTg: 13.3% connected, 32.5 ± 5.5 pA; VTA DA: 42.8% connected, 31.8 ± 7.2 pA; VTA 

Tooley et al. Page 20

Biol Psychiatry. Author manuscript; available in PMC 2019 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



GABA: 35.7% connected, 83.2 ± 44.6 pA). There was no difference between areas with 

respect to proportion of neurons exhibiting light-evoked currents, and EPSCs were observed 

more frequently than IPSCs [t test between proportions; VTA DA χ2(1) = 1.25, p = .26; 

VTA GABA χ2(1) = 1.25, p = .26; LHb χ2(1) = 14.04, p < .001; RMTg χ2(1) = 10.63, p = .

001]. (F) There was no significant difference in EPSC or IPSC paired-pulse ratio (PPR) in 

any region (VTA DA: t4 = 0.6941, p = .5258; VTA GABA: t3 = 0.2195, p = .8403; LHb: t2 = 

0.0187, p = .9867; RMTg: t1 = 0.7603, p = .5862) or in PPR between any brain region in 

terms of EPSC (one-way analysis of variance, EPSC F3 = 0.2552, p = .8572; mean VTA DA 

= 0.637 ± 0.091, VTA GABA = 0.784 ± 0.139, LHb = 0.691 ± 0.122, RMTg = 0.654 

± 0.116) or IPSC amplitude (one-way analysis of variance, IPSC F3 = 0.2487, p = .8605; 

VTA DA = 0.794 ± 0.166, VTA GABA = 0.849 ± 0.193, LHb = 0.620 ± 0.190, RMTg = 

0.709 ± 0.265). (G) We verified that outward EPSCs were blocked by the combination of 

alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid and N-methyl-D-aspartate 

receptor antagonists (6-nitro-7-sulfamobenzoquinoxaline-2-3-dione [NBQX] and D, L-2-

amino-5-phosphonovaleric acid [APV] at 100 µM), and outward IPSCs were blocked by the 

chloride channel blocker picrotoxin (PTX; 50 µM). Scale bars: 20 pA, 20 ms.
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Figure 5. 
Optogenetic activation of glutamatergic ventral pallidum (VP) neurons increases firing rates 

of lateral habenula (LHb) and rostromedial tegmental nucleus (RMTg) neurons and 

modulates ventral tegmental area (VTA) firing rates in vivo. (A) Experimental schematic. 

Floxed channelrhodopsin-2 (ChR2) with enhanced yellow fluorescent protein (eYFP) was 

injected into the VP of VGluT2-Cre mice, and in vivo recordings were performed in the 

LHb, RMTg, and VTA. (B) Representative images showing histological verification of 

recording sites in the LHb (left), RMTg (center), and VTA (right). (C) Representative 

recording from an isolated LHb unit (top; raster plot and peri-event histogram) aligned to 

onset of a 1-s optogenetic stimulation of vesicular glutamate transporter–positive VP 

neurons. Representative recording shows firing rate 1 s before optogenetic onset to 2 s 

following onset. Unit waveform is shown in inset. In total, 51 units were identified, 28 of 

which were significantly modulated, and all significantly modulated units exhibited an 

increased firing rate (45.1% unmodulated, 54.9% increased). The firing rate increased by 

56.7 ± 11.8% in significantly modulated units. (D) Representative recording from an isolated 

unit from the RMTg. In total, 53 units were identified, 26 of which were significantly 

modulated (50.9% unmodulated, 45.3% increased, 3.8% decreased). Together, the firing rate 

of the RMTg increased by 61.55 ± 12.5% in significantly modulated units. (E) In the VTA, 

44 units were identified; of these, 61.4% were unmodulated, 20.5% increased their firing 
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rate, and 18.2% decreased their firing rate in response to optogenetic activation of vesicular 

glutamate transporter–positive VP neurons. A representative triphasic waveform and raster 

plot from a negatively modulated unit (top) and a positively modulated unit (bottom) are 

shown. Scale bars: 20 µs, 20 mV. FR, firing rate.
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Figure 6. 
Activation of glutamatergic ventral pallidum (VP) neurons induces real-time place aversion. 

(A) Experimental schematic. Unfloxed channelrhodopsin-2 (ChR2) was injected into the VP 

of wild-type (WT) mice, floxed ChR2 was injected into the VP of VGluT2-Cre mice, and 

optic fibers were implanted over the injection site. A baseline place preference task was 

conducted 24 hours before the real-time place preference (RTPP) task. (B) Representative 

heat map showing no baseline preference for either chamber of the test apparatus (scale 

indicates activity counts of tracked position). (C) Widefield image of infection site of 

unfloxed ChR2-enhanced yellow fluorescent protein (eYFP) in the VP. (D) Nonspecific 

optogenetic stimulation (stim) of the VP induced an RTPP (baseline 51.1 ± 1.4%, stim 77.1 

± 4.9%; t6 = 6.17, p < .001), while stimulation with the control fluorophore had no effect 
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(baseline 49.7 ± 1.7%, stim 47.0 ± 5.1%; t6 = 1.036, p = .34). (E) Widefield image showing 

infection site of floxed ChR2-eYFP in the VP of VGluT2-Cre mice. (F) Selective 

optogenetic activation of glutamatergic VP neurons induced a real-time place aversion 

(baseline 49.9 ± 2.8%, stim 23.1 ± 6.03%; t6 = 6.05, p < .001), while Cre-negative 

littermates showed no response to light stimulation (baseline 53.1 ± 2.5%, stim 52.8 ± 3.1%; 

t5 = 0.11, p = .914).
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Figure 7. 
Genetically encoded, caspase-mediated ablation of glutamatergic ventral pallidum (VP) 

neurons increases responding for sucrose and impairs sucrose taste aversion learning. (A) 
Experimental schematic. Mice were trained on an operant task to lever press for a sucrose 

pellet at fixed ratio (FR) 1 schedule. When performance stabilized on FR 1 responding, five 

sessions each of FR 2 and 3 schedules were completed before baseline operant testing 

(consisting of FR 5 and progressive ratio [PR] test sessions). VGluT2-Cre mice or Cre-

negative control mice were then injected bilaterally with Cre-dependent viral caspase, and 

testing was resumed. Representative pictomicrographs showing floxed mCherry expression 

in the VP of unlesioned (left) and taCasp-lesioned (right) mice are shown. (B) There was no 

effect of genotype on the initial acquisition of the FR responding task (Fgenotype = 0.196, p 
= .662); lever presses increased as a function to FR schedule (Fsession = 314.117, p < .001), 

and there was a significant difference between active and inactive lever presses (Flever = 
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281.999, p < .001). (C) There was no effect of lesion on number of FR 5 lever presses (Cre− 

= pre 197.83 ± 9.5, post 264.13 ± 12.4 presses/session; Cre+ = pre 183.78 ± 10.65, post 

214.53 ± 10.8 presses/session; Fsession × genotype = 2.612, p = .120). (D) Following lesion, the 

amount of time to earn 30 sucrose rewards decreased in VGluT2-Cre mice (Cre− = pre 36.09 

± 1.9, post 39.36 ± 2.54 min/session; Cre+ = pre 36.12 ± 2.6, post 22.04 ± 2.31 min/session; 

Fsession × genotype = 64.193, p = .003). (E) Following lesion, the number of lever presses in 

the PR task increased in VGluT2-Cre mice (Cre− = pre 372.11 ± 28.14, post 443.39 ± 32.9 

presses/session; Cre+ = pre 496.24 ± 48.87, post 1656.62 ± 444.88 presses/session; 

Fsession × genotype = 5.198, p = .004), as did the breakpoint (Cre− = pre 14.47 ± 0.38, post 

15.0 ± 0.41, Cre+ = pre 15.2 ± 0.3, post 19.0 ± 0.42, Fsession × genotype = 5.09, p = .001). (F) 
Schematic of sucrose aversion task. Lesioned mice were given free access to sucrose 

solution over a 4-day baseline. Sucrose solution was then paired with lithium chloride 

(LiCl), and mice were retested the following day. (G, H) Absolute time spent drinking 

sucrose was higher in VGluT2-Cre-lesioned mice (84.8 ± 8.4 s/session) than in wild-type 

control mice (40.3 ± 4.6 s/session). Wild-type mice decreased their sucrose consumption 

following LiCl pairing (50.3 ± 11.1% decrease from baseline; t7 paired t test = 2.844, p = .

0249), whereas VGluT2-Cre-lesioned mice did not decrease their sucrose consumption in 

response to LiCl pairing (31.4 ± 9.4% nonsignificant change; t5 paired t test = 1.9024, p = .

115). There was a significant effect of genotype and day by genotype by day interaction 

(Fgenotype = 39.034, p < .001; Fgenotype × test day = 9.603, p = .009. (I) There was no 

difference in spontaneous locomotor activity between lesioned WT (82.7 ± 20.8 m) and 

VGLuT2-Cre (77.7 ± 17.5 m) mice in an open field arena task (t12 = 0.184, p = .858). Scale 

bar = 50 µM.
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