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Abstract 39 

Alterations in thalamic dopamine or dopamine D2 receptors (D2R) have been measured in drug 40 

addiction and schizophrenia, but the relevance of thalamic D2Rs for behavior is largely 41 

unknown. Using in situ hybridization and mice expressing green fluorescent protein (GFP) under 42 

the Drd2 promoter, we found that D2R expression within the thalamus is enriched in the 43 

paraventricular nucleus (PVT) as well as in more ventral midline thalamic nuclei. Within the 44 

PVT, D2Rs are inhibitory as their activation inhibits neuronal action potentials in brain slices. 45 

Using Cre-dependent anterograde and retrograde viral tracers, we further determined that PVT 46 

neurons are reciprocally interconnected with multiple areas of the limbic system including the 47 

amygdala and the nucleus accumbens. Based on these anatomical findings, we analyzed the 48 

role of D2Rs in the PVT in behaviors that are supported by these areas and that also have 49 

relevance for schizophrenia and drug addiction. Male and female mice with selective 50 

overexpression of D2Rs in the PVT showed attenuated cocaine locomotor sensitization, 51 

whereas anxiety levels, fear conditioning, sensorimotor gating, and food-motivated behaviors 52 

were not affected. These findings suggest the importance of PVT inhibition by D2Rs in 53 

modulating the sensitivity to cocaine, a finding that may have novel implications for human 54 

drug use.   55 
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Significance statement 56 

Alterations in thalamic dopamine or D2 receptors (D2R) have been measured in drug addiction 57 

and schizophrenia. However, although D2Rs have been extensively studied in the striatum, the 58 

relevance of thalamic D2Rs for neuronal function as well as behavior is largely unclear. 59 

Therefore, the significance of the human imaging findings for psychiatric disorders is unclear. 60 

Here, we found that the midline thalamus displays enriched expression of D2Rs whose 61 

activation inhibits thalamic neuron activity. Overexpression of D2R in the paraventricular 62 

nucleus (PVT), a dorsal midline thalamic nucleus, attenuated cocaine locomotor sensitization. 63 

This suggests that D2R-mediated inhibition of the PVT modulates the sensitivity to cocaine, a 64 

finding which has potential relevance for human drug use.  65 
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Introduction  66 

Historically, dopamine (DA) and its receptors have been most extensively studied in the dorsal 67 

and ventral striatum due to its strong dopaminergic innervation and high expression levels of 68 

DA receptors (Gerfen and Surmeier, 2011). In addition, DA neurons originating in the VTA 69 

innervate extrastriatal areas including the hippocampus, amygdala, and cortex (Yetnikoff et al., 70 

2014). These projections have been well studied in motivated and cognitive behaviors, with 71 

dysfunction of these pathways implicated in schizophrenia and other mental disorders (Arnsten 72 

et al., 2015; Rosen et al., 2015; De Bundel et al., 2016).  73 

However, much less is known about the functional significance of DA projections arising 74 

from the hypothalamus, periaqueductal gray (PAG), and locus coeruleus (LC). Toward this aim, 75 

recent work elucidated the importance of DA projections from the LC to the hippocampus in 76 

learning and memory (Kempadoo et al., 2016; Takeuchi et al., 2016). Similarly, studies in rats 77 

demonstrated that the paraventricular nucleus (PVT) of the thalamus, receives innervation 78 

from DA neurons within the hypothalamus as well as the PAG, yet the function of this 79 

projection remains largely unknown (Li et al., 2014a). 80 

In humans, PET imaging studies implicate a dysfunction of the striatal DA system in 81 

several neuropsychiatric and neurological diseases including Parkinson’s disease, schizophrenia, 82 

and drug addiction (Albin et al., 1989; Abi-Dargham et al., 2000; Howes et al., 2012; Volkow and 83 

Morales, 2015). In contrast, the significance of abnormalities in extrastriatal DA systems in 84 

these disorders is unknown.  85 

With the development of high affinity ligands for D2Rs, D2R density as well as 86 

psychostimulant-induced DA release can now be quantified in extrastriatal regions in the 87 
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human brain (Kegeles et al., 2010). One extrastriatal region that has attracted attention is the 88 

thalamus, as both increased and decreased D2R levels have been observed in this region in 89 

patients with schizophrenia (Talvik et al., 2003; Yasuno et al., 2004; Buchsbaum et al., 2006; 90 

Talvik et al., 2006; Tuppurainen et al., 2006; Kessler et al., 2009; Kegeles et al., 2010; Seeman, 91 

2013). Additionally, in cocaine addiction, psychostimulant-induced DA release is enhanced in 92 

the thalamus, and this release is associated with enhanced craving for cocaine as well as 93 

increased prefrontal metabolism (Volkow et al., 1997; Volkow et al., 2005). However, despite 94 

these exciting clinical findings, little is known about the basic functions that are mediated by 95 

D2Rs in the thalamus. Moreover, human PET imaging studies have limited spatial resolution, 96 

thereby preventing the study of D2Rs in specific thalamic subnuclei. 97 

Here, we take advantage of the ability to target specific brain circuits in the mouse to 98 

study the basic function of D2Rs in the thalamus. Using in situ hybridization and genetically 99 

modified mice that express green fluorescent protein (GFP) under the control of the Drd2 100 

receptor gene promotor, we first analyzed the expression pattern of thalamic D2Rs and show 101 

dense expression within the PVT as well as more ventral midline thalamic nuclei. Next, we 102 

recorded from GFP-expressing neurons in the PVT of Drd2-EGFP mice in order to determine the 103 

effect of PVT D2Rs on thalamic relay neuron activity. Using Cre-dependent anterograde and 104 

retrograde tracing methods, we further determined the brainwide connectivity pattern of D2R-105 

expressing PVT neurons. Finally, we determined the behavioral significance of PVT D2Rs. In 106 

order to do this, we selectively overexpressed D2Rs in the PVT and tested these mice in a 107 

battery of behavioral tests that are supported by NAc and amygdala function and that also have 108 

relevance for the negative symptoms of schizophrenia and cocaine abuse in humans.  109 
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We found that D2Rs are most densely expressed in the midline thalamus and inhibit 110 

action potential firing of thalamic relay neurons. Additionally, we observed that D2R-expressing 111 

PVT neurons are part of a larger limbic circuit in the brain. Last, we identified a new role for  112 

PVT D2Rs in attenuating cocaine locomotor sensitization. These findings suggest that D2R-113 

mediated inhibition of thalamic midline neurons modulates the sensitivity to cocaine, a finding 114 

that may have implications for human drug abuse.   115 
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Materials and methods 116 

Animals 117 

Animals were housed with ad libitum access to food and water. For operant-based tasks and 118 

novelty suppressed feeding, mice were food restricted and maintained at 85% of baseline body 119 

weight. A 12hr/12hr light/dark schedule in a temperature and humidity controlled environment 120 

was maintained. Three mouse lines were used: wild-type C57BL/6J, as well as Drd2-121 

Cre(ER44Gsat/Mmucd, RRID:MMRRC_032108-UCD) and Drd2-EGFP (S118Gsat/Mmnc, 122 

RRID:MMRRC_000230_UNC) both backcrossed onto a C57BL/6J background. All behavioral 123 

testing was performed during the light cycle. Experiments were approved by the Institutional 124 

Animal Care and Use Committee.   125 

 126 

Animals for behavioral testing 127 

Cohort 1 underwent behavioral testing in the following order: elevated plus maze, open field, 128 

light-dark test, PPI, PIT, PR, devaluation (all in Table 2), fear conditioning (Fig. 7), and cocaine 129 

sensitization (Fig. 6). Cohort 2 underwent cocaine sensitization (Fig. 6) followed by fear 130 

conditioning (Fig. 7). Both cohorts were analyzed postmortem for the viral expression pattern 131 

using immunohistochemistry (IHC). Cohorts 1 and 2 consisted of Drd2-Cre male and female 132 

mice which were counterbalanced into two groups that were injected with two different 133 

viruses in the PVT: AAV2/1-hSyn-DIO-D2R(L)-IRES-mVenus (20) and AAV2/5-hSyn-DIO-EGFP 134 

(University of North Carolina). The EGFP-expressing littermates were used as controls. 135 

Behavioral assays or histological analysis began 4 weeks following viral injections. No 136 
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interaction was found between sex and virus and we therefore present combined data for 137 

males and females. 138 

 139 

In situ hybridization 140 

Methods were adapted from (Kellendonk et al., 2006). Brains from 3 month old C57Bl/6 mice 141 

were rapidly removed and frozen in Tissue-Tek O.C.T. mounting medium immediately following 142 

cervical dislocation. 20 μm sections were sliced using a cryostat and sections were mounted, 143 

dried at room temperature for 30 minutes, placed in ice-cold PFA (4%) for 5 minutes, rinsed 144 

with PBS for 5 minutes, dehydrated in 70% ethanol for 5 minutes, and stored in 100% ethanol 145 

at 4ºC. A 45-base anti-sense oligonucleotide (5’ AGG CAG GGA GGC GGC AAG CAG CTG CTG TGC 146 

AGG CAA GGG GCA GAC 3’) designed to bind to the mRNA of exon 2 within the D2 receptor was 147 

radiolabeled using a recombinant terminal transferase kit (LaRoche) and [alpha33P]dATP 148 

(PerkinElmer). Hybridization occurred at 42ºC in a buffer containing 50% formamide, 4x SSC, 149 

and 10% dextran sulfate dissolved in DEPC-treated water. Following hybridization, slides were 150 

rinsed briefly in 1x SSC, then for 30 minutes in 1x SSC at 60ºC, and briefly again in 1x SSC 151 

followed by 0.1x SSC. Next, slides were dehydrated with 70% ethanol followed by 100% ethanol 152 

and allowed to dry for 30 minutes at room temperature before exposing to film for 4 weeks.  153 

 154 

Immunohistochemistry 155 

Mice were deeply anesthetized with a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg) 156 

and perfused with PBS followed by 4% PFA. Brains were post fixed in 4% PFA for 16-24 hours at 157 

4ºC. All sections were cut on a vibratome at a thickness of 50 μm and maintained at 4ºC in PBS 158 
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prior to staining. Staining followed a standard immunohistochemistry protocol. Slices were 159 

incubated in a blocking buffer (0.5% BSA, 10% horse serum, 0.1% Triton X-100), washed in 0.1% 160 

Triton X-100, and incubated overnight at 4ºC with the following primary antibodies as specified 161 

per experiment: chicken anti-GFP (1/1000, Abcam Cat# ab13970, RRID:AB_300798), rabbit anti-162 

dsred (1/500, ClonTech Laboratories, Inc. Cat# 632496, RRID:AB_10013483), mouse anti-NeuN 163 

(1/200, EMD Millipore Cat# MAB377, RRID:AB_2298772), mouse anti-GAD67 (1/500, EMD 164 

Millipore Cat# MAB5406, RRID:AB_2278725), mouse anti-TH (1/750, Immunostar Cat#22941, 165 

RRID:AB_572268), and rat anti-DAT (1/500, EMD Millipore Cat# MAB369, RRID:AB_2190413). 166 

The following secondary antibodies were used: goat anti-chicken (1/500, Thermo Fisher 167 

Scientific Cat# A11039, RRID:AB_2534096), donkey anti-rabbit (1/500, Thermo Fisher Scientific 168 

Cat# A10042, RRID:AB_2534017), donkey anti-mouse (1/500 Thermo Fisher Scientific Cat# 169 

A10036, RRID:AB_2534012), and goat anti-rat (1/500, Thermo Fisher Scientific Cat# A11006, 170 

RRID:AB_2534074). Slices were mounted with vectashield mounting media with DAPI (Vector 171 

Laboratories Cat# H-1500, RRID:AB_2336788).  172 

For quantification of NeuN positive neurons that co-expressed GFP in Drd2-GFP mice, 50 μm 173 

slices were sampled with every 4th section within the PVT from Bregma -0.82 mm through 174 

Bregma -1.70 mm according to the Paxinos & Franklin 2001 Mouse Brain Atlas. 175 

 176 

Imaging and image analysis  177 

All images were acquired with either a Hamamatsu camera attached to a Carl Zeiss 178 

epifluorescence microscope or with an inverted confocal microscope (Leica LSM 700). Images 179 

were processed with NIH ImageJ software (RRID:SCR_003070) or in Adobe Photoshop.  180 
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 181 

In vitro electrophysiology 182 

Male and female Drd2-EGFP mice (5-14 weeks old) were used for this experiment. All in vitro 183 

electrophysiology was conducted in the morning hours (slicing at 8:30am). This timing was kept 184 

consistent in order to control for the effect of the well-established diurnal changes in PVT 185 

neurons (Kolaj et al., 2014). Mice were sacrificed in the presence of sevoflurane and brains 186 

quickly removed and placed in ice-cold oxygenated ACSF consisting of 126 mM NaCl, 2.5 mM 187 

KCl, 2 mM MgCl2, 1.25 mM NaH2PO4, 2 mM CaCl2, 26.2 mM NaHCO3, and 10 mM D-glucose, 188 

pH 6.45, 300-310 mOsm. Several 300 μm coronal slices spanning the rostral-caudal axis of the 189 

PVT were made in ice-cold oxygenated ACSF using a vibratome. Subsequently, slices were 190 

immediately transferred to oxygenated ACSF at 32°C for 30 minutes followed by 30 minutes at 191 

room temperature. Electrodes were pulled from 1.5 mm borosilicate glass pipettes for a typical 192 

resistance of 3-6 MΩ when filled with internal solution consisting of 130 mM K-gluconate, 5 193 

mM NaCl, 10 mM HEPES, 0.5 mM EGTA, 2 mM MgATP, 0.3 mM NaGTP, pH 7.3, 280 mOsm. The 194 

following equipment and software were used for whole-cell patch-clamp recordings: a 195 

Multiclamp 700B amplifier, a Digidata 1440A acquisition system, Clampex 10, and pClamp 10 196 

(all from Molecular Devices). Drugs were mixed with ACSF at the following concentrations: 1 197 

μM quinpirole hydrochloride, and 10 μM sulpiride, which are doses routinely used by us and 198 

others in slice physiology experiments. 199 

PVT D2 neuronal recordings were conducted at room temperature using fluorescent cells (D2R-200 

expressing) at approximately Bregma -1.22. Whole-cell patch-clamp recordings were performed 201 

in current-clamp mode to determine the effect of dopaminergic agonists and antagonists on 202 
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cell firing. After breaking into the cell, basic cell properties were assessed in voltage clamp 203 

mode at a holding potential of -55 mV. Neurons that showed spontaneous firing were analyzed 204 

for response to D2R activation. To this end, we used gap-free current-clamp mode and added 205 

the D2R agonist quinpirole (1 μM) after 5 minutes of recording. Subsequently, we added the 206 

D2R antagonist sulpiride (10 μM) 8 minutes after initial bath application of quinpirole (13 207 

minutes into the recording) in order to measure whether the effects of quinpirole were 208 

reversible by sulpiride. The recording was terminated 8 minutes following sulpiride bath 209 

application.  210 

 211 

Surgical procedures  212 

Adult male and female Drd2-Cre mice were anesthetized with ketamine (100 mg/kg) and 213 

xylazine (10 mg/kg) in all surgeries except for the pseudotyped rabies tracing injections, where 214 

mice were anesthetized with 3% isoflurane. Body temperature was maintained at 37°C with a 215 

heating pad. For viral injections within the PVT, the following coordinates were used: AP=-1.1 216 

mm, ML=0 mm, DV=-3.2 mm from Bregma, which targeted middle to posterior PVT. The 217 

posterior PVT has been most extensively studied in the context of drug addiction. 218 

We used a Nanoject II Automatic Injector (Drummond Scientific, Catalog #3-000-204) attached 219 

to a glass pipette (15-20 μm diameter) for viral injections (1 injection per animal; total volume 220 

of 300 nl using 13 pulses of 23 nl over a 6 minute injection period). We slowly retracted the 221 

pipette 5 minutes after completion of the injection. For the double injection of a Cre-dependent 222 

virus (AAV5-DIO-mCherry) combined with a virus that is switched off in Cre cells (AAV1-hsyn-223 
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FAS-GCaMP6f), the same total volume of virus was injected in the PVT but this volume 224 

consisted of a 1:1 mix of the two viruses.  225 

For overexpression of D2R in the PVT, male and female Drd2-Cre mice were counterbalanced 226 

into two groups, one which received AAV2/1-hSyn-DIO-D2R(L)-IRES-mVenus (Gallo et al., 2015), 227 

and another which received AAV2/5-hSyn-DIO-EGFP (University of North Carolina) in the PVT 228 

(AP=-1.1 mm, ML=0 mm, DV=-3.2 mm from Bregma). Littermates were always used as controls. 229 

Behavioral assays or histological analysis began 4 weeks following injections.  230 

 231 

Pseudotyped rabies single synapse retrograde tracing experiments 232 

Adult male and female Drd2-Cre mice were used for single synapse retrograde tracing 233 

experiments. 200 nL of a 2:1 mix of helper viruses rAAV5-CAG-Flex-RAB[G] (Addgene #48333) 234 

and rAAV5-EF1a-Flex-TVA-mCherry (Addgene #38044) was injected into the PVT (AP=-1.1 mm, 235 

ML=0 mm, DV=-3.65 mm from Bregma). 12 days later, 500 nl of the pseudotyped rabies SAD-236 

B19∆G-mCherry (Salk viral core, EnvA G-Deleted Rabies-mCherry, Addgene #32636) was 237 

injected at the same coordinates. Mice were sacrificed 10 days after the second injection.  238 

 239 

Cocaine locomotor sensitization 240 

Mice were placed in open field (OF) boxes as described in the OF paradigm but lighting was 241 

maintained at 300-365 lux. After 90 minutes, mice were briefly removed from the boxes and 242 

injected intraperitoneally according to the following schedule: 2 days of saline followed by 5 243 

days of 15 mg/kg cocaine or saline. This schedule was followed 6 days later with 2 days of 244 

injections: saline (day 13) then cocaine 15 mg/kg (day 14). Immediately following each 245 
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injection, mice were returned to the OF boxes for 90 minutes. Mice were counterbalanced 246 

across four experimental groups according to the virus injected in the PVT as well as whether 247 

the mice received cocaine or saline across the 5 sensitization days: cocaine GFPPVT, cocaine D2R-248 

OEPVT, saline GFPPVT, and saline D2R-OEPVT (whereby OE denotes overexpression). These groups 249 

were further counterbalanced into two sub-groups, one which was run in the morning and one 250 

which was run in the early afternoon. 251 

 252 

Fear discrimination and contextual fear conditioning 253 

Standard fear conditioning boxes were used in all fear conditioning experiments, (Med-254 

Associates). Freezing was recorded by overhead videos and subsequently scored using 255 

automated software (Actimetrics). Freezing bouts were included if the duration was at least 1.5 256 

seconds. Automated scoring was conducted by adjusting thresholds per mouse to match each 257 

freezing bout in the video and this was done by an experimenter blind to the experimental 258 

conditions. The fear discrimination protocol was modified from (De Bundel et al., 2016).  259 

 260 

Day 1 (habituation) 261 

Mice were placed in context B (plastic floor insert, plastic round wall inserts, cleaned with 262 

alcohol-based cleaning wipes) for a 2-minute habituation period followed by alternating 263 

presentations of two types of tones (2.5 kHz, 7.5 kHz, 85 dB, 30 sec) separated by an ITI of 20-264 

120 seconds (average 66 seconds). A total of 10 tones were presented (5 of 2.5 kHz, 5 of 7.5 265 

kHz).  266 

 267 
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Day 2 (discriminative fear conditioning) 268 

Mice were placed in context A (fear conditioning box without inserts cleaned with Virkon-S 1%) 269 

for a habituation period of 2 minutes followed by alternating presentations of the two tones. 270 

The mice were counterbalanced into two groups whereby one of the two types of tones (CS+) 271 

co-terminated with a shock (US, 2 sec, 0.6 mA). Mice were exposed to 5 CS+ and 5 CS- tones 272 

separated by an ITI of 20-120 seconds (average 66 seconds). Day 2 of fear conditioning occurred 273 

at 10am.  274 

 275 

Day 3 (fear discrimination test) 276 

The fear discrimination test day occurred in two parts. At 10am, mice were placed in context B 277 

and received a habituation period of 1 minute followed by 4 presentations of one type of tone 278 

(2.5 kHz, 85 dB, 30 sec) with an ITI of 20-120 seconds. 4 hours later, at 2pm, mice were 279 

returned to context B and received a habituation period of 1 minute followed by 4 280 

presentations of the other tone (7.5 kHz, 85 dB, 30 sec) with an ITI of 20-120 seconds. With this 281 

behavioral design, half of the mice were exposed to the CS+ in the morning and half were 282 

exposed to the CS+ in the afternoon.  283 

 284 

Day 4 (contextual fear test)  285 

Mice were returned to context A for 3 minutes at 10am. Freezing to the context was measured 286 

during these 3 minutes.   287 

 288 

Elevated Plus Maze (EPM) 289 
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The EPM was constructed from white opaque acrylic sheets. Mice were placed in the center of 290 

the EPM facing one closed arm and allowed to explore for 5 minutes. Lighting was adjusted to 291 

550-615 lux in the open arms and 350-400 lux in the closed arms and this test was conducted in 292 

the morning hours. AnyMaze software was used to track the center of each mouse and zones 293 

were drawn within this software in order to calculate dependent measures such as the time 294 

spent in each zone.  295 

 296 

Open Field (OF) test 297 

Mice were placed in the corner of an open arena consisting of clear acrylic activity chambers 298 

(42 cm W x 42 cm D x 38 cm H) and allowed to explore the arena for 1 hour. Lighting was 299 

maintained at 615-675 lux at the center of the OF and activity was recorded via infrared 300 

photobeams (Kinder Scientific).  301 

 302 

Light-Dark (LD) test 303 

The LD test was conducted in dark rooms with single lamps above each LD apparatus. Mice 304 

were placed in the same arena as the OF test with the same software used to analyze 305 

independent measures. In addition, a dark enclosed acrylic insert was used in order to maintain 306 

half of the arena in darkness. Lighting for the light half was maintained at 600-650 lux and 307 

activity was recorded for 10 minutes via infrared bream breaks.  308 

 309 

Prepulse Inhibition (PPI) 310 

Mice were placed into startle chambers and were habituated to the chambers for 5 minutes 311 

before any stimuli were presented. Mice were then exposed to 7 types of trials: 115 db burst of 312 
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noise without a prepulse, 115 db with a prepulse of either 2 db, 4 db, 8 db, 12 db, or 16 db, and 313 

no noise. The program began and ended with a block of 10 trials of 115 dB pulses without a 314 

prepulse. In between these blocks of pulses were randomly interspersed presentations of the 315 

other 6 types of trials. The total number of trials was 100. The recording time window was 250 316 

msec and background noise was 70 dB.  317 

 318 

Operant-based paradigms 319 

All operant-based tasks were conducted in modular test chambers (Med Associates, ENV-320 

307W) placed within sound attenuating boxes (Med Associates, ENV-022MD).  321 

 322 

Outcome-specific Pavlovian-to-instrumental transfer (PIT) 323 

The PIT task was performed as in (Parnaudeau et al., 2015) except that sucrose pellets were 324 

used instead of grain-based pellets and 3 days of PIT testing were conducted instead of 2. In 325 

summary, mice underwent 2 days of dipper and feeder training followed by 7 days of Pavlovian 326 

training and subsequently 11 days of instrumental training. After instrumental training, mice 327 

received 3 days of PIT testing. Each of these training and testing periods is described below. 328 

These tests were followed by a progressive ratio (PR) task as well as an outcome-specific 329 

devaluation task.  330 

 331 

Dipper and feeder training 332 

Mice underwent 2 days of training in which they learned to retrieve two different 333 

rewards (sucrose pellets and 20% sucrose solution) from the food magazine. This training 334 

consisted of twice daily sessions whereby one type of reward was administered during a 335 
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session. For sucrose pellets, rewards were delivered on a random time schedule (average 30 336 

seconds) and the sessions lasted 30 minutes or until 20 pellets were administered, whichever 337 

occurred first. For sucrose solution, on day 1 the dipper was raised with a drop of sucrose 338 

solution and did not retract until 10 seconds after the first head entry into the food magazine. 339 

These trials were separated by a variable ITI and the entire session lasted 30 minutes or after 20 340 

presentations of the dipper, whichever occurred first. On day 2, the dipper was presented for 8 341 

seconds regardless of a head entry and the session ended after 20 presentations of the dipper.    342 

 343 

Pavlovian training 344 

Mice underwent 7 days of training whereby two conditioned stimuli (CS: tone or white 345 

noise) were paired with the two food rewards (20% sucrose or sucrose pellets). During each 346 

daily 1-hour session, each 2-minute CS was presented 4 times in a pseudorandomized fashion 347 

with a variable ITI. During each CS presentation, the food reward was delivered on a random 348 

time schedule. Mice were counterbalanced at this stage of training such that half of the mice 349 

received one pairing (i.e. tone with sucrose pellets) and the other half received the other 350 

pairing (i.e. white noise with 20% sucrose solution).    351 

 352 

Instrumental training 353 

Mice underwent 11 days of training whereby one lever (i.e. left lever) was paired with 354 

one of the food rewards (i.e. sucrose pellets) while the other lever was paired with the other 355 

food reward. At this stage, mice were counterbalanced between the possible pairings. For the 356 

11 days of training, mice received twice daily sessions in order to associate each of the two 357 
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levers with the two food rewards. The order of the sessions was reversed daily such that a 358 

particular lever or outcome was never associated with a particular time of the day. For every 359 

session, 20 rewards or 30 minutes signaled the end depending on whichever occurred first. The 360 

schedule of reinforcement for the 11 days consisted of: 2 days of continuous reinforcement 361 

(CRF), 3 days of random ratio 5 (RR5) (probability of lever press leading to a reward = 1/5), 3 362 

days of RR10, and 3 days of RR20.  363 

 364 

PIT testing 365 

PIT was measured across 3 consecutive days. Each session consisted of an 8-minute 366 

extinction period whereby both levers were presented and no rewards or CSs were delivered. 367 

This was followed by 40 minutes of: 4 presentations of each CS (2 minutes) separated by a 3-368 

minute fixed ITI without delivery of any food rewards.      369 

 370 

Progressive Ratio (PR) 371 

Following PIT testing, mice were retrained on a random ratio of 20 schedule (RR20) but with 372 

once daily sessions and with evaporated milk as the food reward. After 3 days of retraining, 373 

mice were tested for 2 days on a PR task following previously described methods (Carvalho 374 

Poyraz et al., 2016). This task was conducted with a schedule of reinforcement whereby the 375 

number of presses required to earn a reward doubled with each reward earned starting with a 376 

requirement of 2 lever presses for the first reward. Sessions ended after either 3 minutes 377 

without a lever press or after 2 hours, depending on whichever occurred first.   378 

 379 

Outcome-specific Devaluation 380 
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Following PR testing, mice were retrained with an RR20 schedule with twice daily sessions for 2 381 

days. In one session they received sucrose pellets and in the other session a 20% sucrose 382 

solution as rewards. The same counterbalanced groups were maintained as in the PIT 383 

experiment. For example, mice for which the left lever was rewarded with sucrose pellets and 384 

the right lever was rewarded with sucrose solution during the PIT experiment were retrained 385 

with those same contingencies during RR20.  386 

After retraining, mice underwent outcome-specific devaluation testing. Devaluation was 387 

achieved by pre-feeding the mice with one of the two rewards. For instance, sucrose pellets 388 

were devalued by allowing ad libitum access to sucrose pellets for 1 hour prior to the test. This 389 

reward was counterbalanced across the groups such that half of the mice in each lever-390 

outcome group received one of the food rewards and the other half received the other food 391 

reward. During the actual test, lever press responses were simultaneously measured on both 392 

levers, the lever paired with the devalued reward and the lever paired with the non-devalued 393 

reward. To this end, mice were tested for 10 minutes in an extinction test whereby both levers 394 

were presented and no rewards were delivered.  395 

The following day consisted of one day of the twice daily RR20 schedule in order to bring lever 396 

pressing rates back to baseline following the devaluation test under extinction conditions. 397 

Subsequently, mice underwent the second day of devaluation testing which was the same as 398 

the previous day except that the pre-feeding reward was reversed.   399 

 400 

Drugs 401 
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Cocaine hydrochloride (Sigma, Cat# C5776) was freshly dissolved in sterile saline (1.5 mg/ml) 402 

and injected intraperitoneally at 15 mg/kg. Vehicle injections consisted of sterile saline.     403 

 404 

Experimental Design and Statistical Analysis 405 

Data were analyzed with MATLAB (The MathWorks, RRID:SCR_001622), Prism 5 (GraphPad), 406 

and StatView. Statistical tests are indicated in the results section or Table 2 and included 407 

unpaired t-tests and repeated measures (RM) ANOVA. We used post hoc Bonferroni correction 408 

for follow up individual comparisons and to account for multiple comparisons. The %PPI was 409 

calculated as the [(startle to pulse alone - startle to pulse with preceding prepulse)/startle to 410 

pulse alone]*100%. The Pavlovian Elevation Score was calculated as (head entry rate during 411 

CS+)-(head entry rate during pre-CS+). The PIT transfer score ([lever press rate during the CS+]-412 

[lever press rate during the ITIs]) was measured for both “same” (press rate measured for the 413 

lever paired with the same outcome as the CS+) and “different” (press rate measured for the 414 

lever paired with the different outcome as the CS+) levers and was averaged across the 3 PIT 415 

testing days. The difference between the PIT score for the “same” and “different” levers was 416 

calculated. For PR testing, breakpoint was calculated as the corresponding number of presses 417 

required for the highest ratio achieved within that session. Mice that did not press for 3 418 

minutes dropped out of the experiment. For the fear conditioning tasks, freezing bouts that 419 

were equal to 1.5 seconds or longer were measured.  420 

 421 

Electrophysiology 422 
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All data were analyzed with pClamp 10 (Molecular Devices, RRID:SCR_011323). Spike frequency 423 

was calculated as the number of spikes within a 1-minute period during 3 time points (Pre-424 

quinpirole: 4-5 mins. Post-quinpirole: 10-11 mins. Post-sulpiride: 18-19 mins) whereby 425 

quinpirole was administered at 5 minutes and sulpiride was administered at 13 minutes into 426 

the recording. Membrane potential was measured just prior to bath application of quinpirole (5 427 

mins) and again 5.5 minutes after bath application of each drug (at 11.5 mins and 18.5 mins). 428 

For both spike frequency and membrane potential, repeated measures ANOVAs were used. We 429 

used post hoc Bonferroni correction for follow up individual comparisons and to account for 430 

multiple comparisons. 431 

432 
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Results 433 

D2R-expressing neurons are concentrated along the midline of the thalamus and do not 434 

express GAD67 435 

In humans and postnatal mice, thalamic D2Rs are most densely expressed in the midline 436 

thalamus (Hurd et al., 2001; Rieck et al., 2004; Yuge et al., 2011). In a first step, we determined 437 

whether enriched midline expression of D2R is also observed in the adult mouse. In situ 438 

hybridization for D2R mRNA in wild type mice densely labeled the PVT in middle to posterior 439 

PVT sections (Bregma -0.94 mm through -2.18 mm) as well as in the CM nucleus. No labeling 440 

was observed in D2R knockout mice (Fig. 1A, B).  Using a D3R specific probe we also observed 441 

some limited D3R expression in the PVT (data not shown).  442 

We used Drd2-EGFP mice to obtain an independent measure of Drd2 gene 443 

transcriptional activity. Several medial, midline, and intralaminar thalamic nuclei showed GFP 444 

expression in Drd2-EGFP mice (Fig. 1C). These included the PVT, intermediodorsal (IMD), 445 

central medial (CM), paracentral (PC), interanteromedial (IAM), anteromedial (AM), and 446 

posteromedian (PoMn) thalamic nuclei. There was also scattered GFP expression in the 447 

centrolateral (CL) and mediodorsal (MD) thalamic nuclei, with stronger expression notable in 448 

the medial MD compared to the central and lateral MD. Within the PVT, D2R-expressing cells 449 

were absent in the most anterior portions of the anterior PVT (aPVT) with more dense 450 

expression in the middle and posterior PVT. A representative coronal slice including the PVT, 451 

IMD, and CM is shown in Fig. 1C.  452 

 We then performed immunohistochemistry (IHC) for GAD67 in Drd2-EGFP mice and 453 

found that the midline thalamus is devoid of interneurons (Fig. 1D).  454 
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 455 

Fibers immunoreactive for TH but not DAT innervate the PVT 456 

Since different midline thalamic nuclei have different functions (Vertes et al., 2015), we 457 

focused our subsequent analysis on one of these nuclei, the PVT. We first determined whether 458 

the PVT receives DA innervation. IHC for the dopamine transporter (DAT) that is expressed in a 459 

subpopulation of dopaminergic neurons of the ventral tegmental area (VTA), substantia nigra 460 

(SN), and hypothalamus revealed a lack of innervation by DAT+ fibers (Fig. 1E). In marked 461 

contrast, IHC for tyrosine hydroxylase (TH), which labels dopaminergic as well as noradrenergic 462 

neurons, revealed strong innervation of the PVT by TH+ fibers (Fig. 1F).  463 

 464 

A D2R agonist inhibits tonic firing in D2R-expressing PVT neurons while a D2R antagonist 465 

reverses this inhibition  466 

We quantified the percentage of PVT neurons that express D2R by performing dual IHC 467 

for NeuN and GFP in Drd2-EGFP mice within Bregma -0.82 mm through Bregma -1.70 mm 468 

(Paxinos and Franklin, 2001) and found that 64% of neurons expressed GFP (Fig. 2A, B).  469 

Next, we performed whole-cell patch-clamp recordings from fluorescently labeled cells in the 470 

PVT of Drd2-EGFP mice (near Bregma -1.22 mm). All GFP+ neurons showed the induction of a 471 

low-threshold rebound spike following hyperpolarizing injections of current, which is a 472 

characteristic of thalamic relay neurons (Fig. 2C) (Rhodes and Llinas, 2005). Considerable 473 

heterogeneity of PVT neuronal firing patterns has been described previously whereby multiple 474 

types of activity patterns were observed in anterior PVT neurons following current injection 475 

(Yeoh et al., 2014). In this study, the majority of anterior PVT neurons showed tonic firing (47%) 476 
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or burst firing (21%) and an additional smaller percentage of neurons exhibited single spiking 477 

(18%), delayed firing (11%), and reluctant firing (3%) (Yeoh et al., 2014). We similarly noticed 478 

considerable heterogeneity in the firing patterns of GFP+ PVT neurons and therefore decided to 479 

focus our study on determining the effect of D2R activation on tonically active D2R-expressing 480 

PVT neurons. We found that 48% of GFP+ PVT neurons were tonically active in current-clamp 481 

mode (11 of 23). Bath application of the D2R agonist quinpirole (1 μM) decreased spike 482 

frequency in this neuronal population by 83%. This effect was reversed after subsequent co-483 

application of the D2R antagonist sulpiride (10 μM, RM ANOVA: Fdrug(2,8)=12.04, p=0.0006, n=9, 484 

Bonferroni post hoc: baseline vs. quinpirole p<0.01, quinpirole vs sulpiride p<0.01, Fig. 2D). We 485 

also observed that quinpirole hyperpolarized the resting membrane potential by 4.8 mV, which 486 

was reversed by subsequent co-application of sulpiride (RM ANOVA: Fdrug(2,8)=4.0, p=0.0392, 487 

Bonferroni post hoc: baseline vs. quinpirole p<0.05 (Fig. 2E).  488 

To determine whether quinpirole affects firing rates in D2R negative neurons we also recorded 489 

from GFP- neurons. We found that 30% of GFP- PVT neurons were tonically active in current-490 

clamp mode (6 of 20). No changes in firing rates were observed in these neurons (RM ANOVA: 491 

Fdrug(2,6)=2.65, p=012, n=6, with a minimal effect on resting membrane potential (-0.8 mV; RM 492 

ANOVA: Fdrug(2,6)=3.94, p=0.048, n=6, Bonferroni post hoc comaprisons’ p>0.05). 493 

D2R-expressing PVT neurons innervate regions of the limbic system 494 

D2R-expressing PVT neuronal efferents were identified with injections of Cre-dependent 495 

AAV5-DIO-eYFP in the PVT of Drd2-Cre mice (Fig. 3A). Fibers immunoreactive for GFP were 496 

identified brainwide in three mice and target regions are listed in Table 1. Strong innervation 497 
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was found in the prelimbic cortex (PL) cortex (Fig. 3B), agranular insular (AI) cortex (Fig. 3C), 498 

nucleus accumbens (NAc) (Fig. 3D), bed nucleus of the stria terminalis (BNST) (Fig. 3E), 499 

amygdala (Fig. 3F), and the interstitial nucleus of the posterior limb of the anterior commissure 500 

(IPAC, data not shown). Within the NAc, labeling was patchy and terminals were most dense in 501 

the medial shell (Fig. 3D). Within the amygdala, fibers were found in the lateral, basal, and 502 

central nuclei (Fig. 3F). We observed sparser innervation of the caudate putamen and 503 

entorhinal cortex.  504 

We next investigated whether PVT D2R-negative neurons project to the same brain 505 

regions as D2R-positive neurons. To this end, we labeled D2R-positive neurons in red and D2R-506 

negative neurons in green by injecting a combination of AAV5-DIO-mCherry with AAV1-hsyn-507 

FAS-GCaMP6f, thereby combining a Cre-On (DIO) with a Cre-Off (FAS) strategy in the same 508 

animal. Only a small percentage of cells were co-labeled (7.5%), which indicates that our 509 

mutually exclusive dual viral injection strategy was effective. The combined injection of the 510 

viruses revealed a general overlap of projection targets suggesting no qualitative differences 511 

(data not shown). However, while there was considerable overlap of the projections within the 512 

NAc, fibers labeled red by AAV5-DIO-mCherry (D2R-positive PVT projections) were more 513 

concentrated in the medial NAc shell whereas fibers labeled green by AAV1-hsyn-FAS-GCaMP6f 514 

(D2R-negative projections) were more concentrated in the NAc core (Fig. 4).  515 

 516 

D2R-expressing PVT neurons show reciprocal and non-reciprocal afferent projections  517 

We identified incoming projections to D2R-expressing neurons of the PVT using 518 

pseudotyped rabies retrograde tracing experiments in Drd2-Cre mice. We found reciprocal and 519 
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non-reciprocal innervation of the D2R-positive PVT neurons (Table 1). Regions which 520 

reciprocally innervated these neurons included AI, PL, and orbital frontal cortex, the NAc, 521 

caudate putamen, BNST, IPAC, and central amygdala. Non-reciprocal innervation arose from 522 

regions including the cingulate cortex, lateral septum, basal and lateral amygdala, zona incerta, 523 

reticular thalamus, hypothalamic regions (preoptic, ventromedial, anterior, lateral, posterior, 524 

dorsomedial, arcuate, suprachiasmatic, A14, and supramammillary nuclei), the periaqueductal 525 

gray (PAG), VTA, SN, LC, lateral parabrachial nucleus (LPBN), and raphe nuclei. Projections from 526 

PL, orbital, and AI cortex, the NAc core, lateral septum, BNST, central amygdala, and zona 527 

incerta are shown in Fig. 5.  528 

In Fig. 1, we have shown that the PVT receives DAT-negative, TH-positive fibers. TH-529 

positive fibers may arise from DAT-negative dopaminergic neurons in the hypothalamus 530 

(ventro-rostral A10, A11, A13, A15 DA cell groups), midbrain (dorsocaudal A10 embedded in the 531 

periaqueductal gray (PAG)), or noradrenergic neurons of the rostral medulla (C1-3) and locus 532 

coeruleus (LC) (Chen and Su, 1990; Phillipson and Bohn, 1994; Otake and Ruggiero, 1995; Krout 533 

et al., 2002; Li et al., 2014a). Although we found retrogradely labeled neurons in the VTA, PAG, 534 

and hypothalamus, none were TH-positive (data not shown).   535 

Based on the identified neural circuitry, we designed a battery of behavioral tests to 536 

determine the role of PVT D2Rs in behaviors that have been shown to involve either the PVT or 537 

two main interconnected structures, the amygdala and NAc.  538 

 539 

Overexpression of D2R in D2R-expressing PVT neurons attenuates cocaine locomotor 540 

sensitization  541 
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PVT lesions impair locomotor sensitization to cocaine (Young and Deutch, 1998). 542 

Additionally, the NAc—a major target region of the PVT—has a well-established role in cocaine 543 

sensitization (Pierce and Kalivas, 1997). We therefore determined whether PVT D2Rs modulate 544 

cocaine sensitization. To this end, we upregulated D2R expression selectively in the PVT with 545 

the aim of enhancing D2R signaling in response to endogenous dopamine release  (Fig. 6A). 546 

Upregulation was obtained by injecting a Cre-dependent AAV2/1 virus expressing D2R and 547 

mVenus in the PVT of Drd2-Cre mice. Using a similar approach in the NAc, we have recently 548 

shown that viral-mediated upregulation leads to a 3-fold increase in D2R membrane binding in 549 

the NAc (Gallo et al., 2015). Moreover, virally expressed D2Rs couple to G proteins in a striatal 550 

GTP S assay (Donthamsetti et al. in preparation) and inhibit synaptic transmission at indirect 551 

pathway output synapses (Gallo et al., 2017 submitted), thereby verifying functionality of the 552 

construct in vivo.  553 

In the cocaine locomotor sensitization task, mice were first habituated for 2 days with 554 

saline injections and then injected with 15 mg/kg cocaine or with the same volume of saline 555 

once per day across 5 days. On days 13 and 14, mice received saline and cocaine injections, 556 

respectively (Fig. 6B). We analyzed locomotor activity for 15 minutes following injections. Both 557 

D2R-OEPVT and EGFPPVT mice showed comparable locomotor activity during the 5 days of 558 

cocaine injections. However, during the cocaine challenge day (day 14), cocaine-pretreated 559 

D2R-OEPVT mice showed a significantly inhibited response to cocaine (RM ANOVA over days 1-560 

14: Fgroupxday(3,24)=8.6, p<0.0001. Post hoc Bonferroni cocaine-pretreated D2R-OEPVT vs cocaine-561 

pretreated EGFPPVT on day 14 p<0.05, n=7-8/group, Fig. 6C). We followed up with an analysis 562 

over the entire course of the 180 minutes of the cocaine challenge day and measured a group 563 
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by time interaction. Post hoc analysis revealed a decrease in cocaine-induced locomotion in 564 

D2R-OEPVT mice directly after injections (Fig. 6D, RM ANOVA: Fgroupxtime(3,105)=1.82, p<0.0001, 565 

Bonferroni post hoc: p<0.001 for 20th time bin for cocaine-pretreated D2R-OEPVT vs cocaine-566 

pretreated EGFPPVT, n=7-8/group, Fig. 6D).   567 

 568 

Overexpression of D2Rs in D2R-expressing PVT neurons does not affect fear acquisition, 569 

discrimination, or contextual fear expression  570 

Several publications have demonstrated a role of the PVT in fear conditioning (Li et al., 571 

2014b; Do-Monte et al., 2015; Penzo et al., 2015) and we therefore determined whether 572 

upregulation of D2Rs affects fear conditioning.  573 

Mice were trained with 2 tones (2.5 kHz and 7.5 kHz), one predicting a shock (CS+) and 574 

one unpaired with the shock (CS-), and received 5 presentations of each (Acquisition, Fig. 7A, 575 

left). On the subsequent day, cued fear discrimination was tested by presenting the 2 tones in a 576 

different context (Fig. 7A, middle). On the final day, contextual fear expression was tested by 577 

exposing the mice to the context used during acquisition (Fig. 7A, right). We measured no 578 

differences between D2R-OEPVT mice (Fig. 7B) and control EGFPPVT mice either in baseline levels 579 

of freezing or in freezing during the 5 CS+ presentations during acquisition (Fig. 7C; RM ANOVA: 580 

Fvirus(1,26)=0.08, p=0.77; Fvirusxtime(1,5)=0.25, p=0.94). During fear discrimination testing, D2R-OEPVT 581 

and control mice exhibited a similar level of freezing to the new context and their freezing 582 

response was comparable both for the CS+ and CS- tones (Fig. 7D; RM ANOVA: Fvirus(1,26)=0.04, 583 

p=0.85; Fvirusxstimulus(1,2)=1.7, p=0.08). Moreover, D2R-OEPVT and EGFPPVT mice did not differ in the 584 
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contextual fear recall test (Fig. 7E; D2R-OEPVT = 15.7 +- 3.7 %, EGFPPVT = 21.6+- 4.7, t-test: 585 

p=0.32, n=14/14).  586 

 587 

Overexpression of D2Rs in D2R-expressing PVT neurons does not affect measures of 588 

motivation, anxiety, and sensorimotor gating 589 

Due to the important role of the NAc in both motivated behavior (Carvalho Poyraz et al., 590 

2016) as well as in the ability of Pavlovian stimuli to guide instrumental behavior (Corbit and 591 

Balleine, 2011), we tested D2R-OEPVT mice in several operant-based tasks addressing motivated 592 

behavior. These tasks included outcome-specific Pavlovian to instrumental transfer (PIT), a 593 

progressive ratio task for food, and instrumental responding after outcome-specific devaluation 594 

of a food reward. D2R-OEPVT mice did not differ from EGFPPVT mice in any of these tasks. 595 

Furthermore, D2R overexpression in the PVT did not affect measures of anxiety and locomotor 596 

activity in the open field and elevated plus maze, nor did it affect sensorimotor gating, as 597 

measured by prepulse inhibition (PPI). The results of these unaffected behavioral outcome 598 

measures are summarized in Table 2.  599 
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Discussion 600 

Here, we describe enriched expression of D2Rs in the midline thalamus of the adult 601 

mouse and show that activation of these receptors inhibits firing of PVT relay neurons. Using 602 

anterograde and retrograde tracing studies, we identified that D2R-expressing neurons in the 603 

PVT are heavily interconnected with areas of the limbic system including the prefrontal cortex, 604 

NAc, and amygdala. Finally, we found that selective upregulation of D2Rs in the PVT impairs 605 

cocaine locomotor sensitization. 606 

 607 

The midline thalamus expresses functional D2Rs 608 

Using in situ hybridization and Drd2-EGFP mice, we found that D2Rs are preferentially 609 

expressed in midline thalamic nuclei, which is in agreement with observations in humans (Hurd 610 

et al., 2001; Rieck et al., 2004). Approximately two-thirds of PVT neurons express D2Rs and the 611 

D2R agonist quinpirole inhibited spontaneous firing, an effect reversed by D2R antagonism.   612 

The mechanism by which D2R agonists inhibit tonic firing of PVT neurons remains 613 

unknown. In the mediodorsal thalamus, quinpirole has been shown to elicit mixed effects, 614 

hyperpolarizing some neurons and depolarizing others (Lavin and Grace, 1998). In the dorsal 615 

lateral geniculate nucleus, quinpirole application can inhibit or enhance relay neuron activity 616 

and GABA-A receptors were found to mediate the inhibitory effects (Albrecht et al., 1996; Zhao 617 

et al., 2002). Furthermore, quinpirole increases spontaneous inhibitory currents in relay 618 

neurons of the dorsal lateral geniculate nucleus (Munsch et al., 2005). However, since the PVT 619 

is devoid of interneurons (Fig. 1D), GABAergic effects may not explain the results of our study. 620 

One limitation of the previous studies is that they could not determine whether recorded 621 
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neurons expressed D2Rs, thereby making the distinction between direct and indirect effects 622 

more difficult.  623 

To avoid this limitation, we recorded from genetically identified D2R-expressing 624 

neurons. Most likely, D2R activation inhibits tonic firing via Gi-protein mediated activation of 625 

GIRK channels, as has been described for dopaminergic neurons in the midbrain (Lacey et al., 626 

1987; McCall et al., 2017). Consistent with this, PVT neurons express functional GIRK channels 627 

(Saenz del Burgo et al., 2008; Hermes et al., 2013; Zhang et al., 2013; Kolaj et al., 2014). 628 

 629 

D2R-expressing PVT neurons are heavily interconnected with limbic circuits 630 

Using anterograde tracing methods in D2R-expressing PVT neurons, we found dense 631 

projections to regions of the limbic system including PL and AI cortices, the NAc, amygdala, and 632 

BNST (Fujiyama et al., 2006; Parsons et al., 2007; Unzai et al., 2015). Within the NAc, labeling 633 

was stronger in the medial shell and sparser in the core. We then determined whether D2R-634 

positive and D2R-negative PVT neurons project to different brain areas. Whereas both cell 635 

populations project to the same brain regions, we found differences in the relative density of 636 

projections within the NAc: D2R-positive neurons more densely targeted the medial shell while 637 

D2R-negative neurons more densely targeted the core. PVT D2Rs may therefore more readily 638 

affect behaviors that are sensitive to NAc shell function. 639 

In order to determine the regions that innervate D2R-expressing PVT neurons, we 640 

injected the pseudotyped rabies strain SAD-B19∆G (Wall et al., 2013) into the PVT of Drd2-Cre 641 

mice. In addition to providing cell specificity, this approach has the additional benefit that 642 

neighboring nuclei such as the habenula do not contaminate the tracing study. We found that 643 
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numerous limbic regions innervate D2R-expressing PVT neurons (Table 1) including PL and AI 644 

cortices, the NAc, amygdala, and BNST. In addition, we identified projections from orbital, and 645 

cingulate cortices, the caudate putamen, lateral septum, IPAC, zona incerta, reticular thalamus, 646 

PAG, VTA, SN, LC, LPBN, and raphe nuclei, as well as various hypothalamic nuclei.  647 

Our cell type-specific anterograde and retrograde tracing studies thus establish that 648 

D2R-expressing PVT neurons are reciprocally innervated by numerous regions of the limbic 649 

system but receive additional non-reciprocal inputs mostly from the hypothalamus and 650 

brainstem nuclei. This is comparable to what has been observed in rats using conventional 651 

tracers, suggesting that D2R-expressing neurons do not qualitatively differ in their connectivity 652 

from other PVT neurons (Krout et al., 2002; Li and Kirouac, 2012; Colavito et al., 2015; Vertes et 653 

al., 2015).   654 

We additionally attempted to identify the dopaminergic innervation of D2R-expressing 655 

PVT neurons by co-labeling virally infected neurons with TH. Surprisingly, we found no overlap 656 

between the pseudotyped rabies-labeled neurons and TH staining. While virally infected cells 657 

were present in dopaminergic regions, these cells did not express TH. This is despite robust 658 

levels of TH terminal expression in the PVT (Fig. 1) and previous work demonstrating 659 

innervation of the PVT by the hypothalamus, PAG, and LC of the rat (Otake and Ruggiero, 1995; 660 

Li et al., 2014a). We believe that this discrepancy is due to the low efficiency of transsynaptic 661 

rabies uptake by dopaminergic neurons as has been recently described for pseudotyped rabies 662 

virus (Wall et al., 2013).  663 

 664 

PVT D2Rs attenuate cocaine locomotor sensitization 665 
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After identifying the neural circuitry of D2R-expressing PVT neurons, we designed a 666 

battery of behavioral tests addressing behaviors known to be supported by both the NAc and 667 

the amygdala. We further selected tasks with relevance for drug addiction (cocaine 668 

sensitization) and the negative symptoms of schizophrenia (sensorimotor gating and behaviors 669 

assessing motivation). Due to the established roles of the PVT and amygdala in fear 670 

conditioning, we also measured fear conditioning.  671 

Selective upregulation of D2Rs in the PVT did not affect anxiety, sensorimotor gating, or 672 

the motivation to work for food. Moreover, instrumental and Pavlovian learning, as well as 673 

Pavlovian to instrumental transfer (PIT), were unaltered in these mice. This was despite the 674 

prominent projections of D2R-expressing PVT neurons to the NAc shell, a region which is 675 

strongly implicated in outcome-specific PIT (Corbit and Balleine, 2011). In contrast, PVT D2R 676 

overexpression inhibited cocaine locomotor sensitization.   677 

There is accumulating evidence that the PVT is part of the circuitry involved in drug 678 

addiction. Early investigations showed that the PVT supports intracranial self-stimulation 679 

(Clavier and Gerfen, 1982) and cocaine or cues previously paired with cocaine induce c-Fos 680 

expression in the PVT (Brown et al., 1992; Deutch et al., 1998; Matzeu et al., 2015b). Lesion and 681 

inactivation studies additionally identified the importance of the PVT for locomotor 682 

sensitization to cocaine and for conditioned place preference (Young and Deutch, 1998; 683 

Browning et al., 2014). The PVT also has strong projections to the NAc shell, which promotes 684 

cocaine seeking behavior (Fig.3, 4) (Berendse and Groenewegen, 1990; Pinto et al., 2003) and 685 

disrupting synaptic transmission of projections from the PVT to the NAc decreases the 686 

acquisition of cocaine self-administration (Neumann et al., 2016). Moreover, transient 687 
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inactivation of the PVT prevents cocaine seeking as well as cue-induced reinstatement of 688 

cocaine seeking (James et al., 2010; Matzeu et al., 2015a). These data suggest that PVT-to-NAc 689 

projections positively affect the locomotor activating and reinforcing effects of cocaine.  690 

The finding that PVT D2R overexpression attenuates cocaine locomotor sensitization 691 

(Fig. 6) is in agreement with the above-mentioned lesion studies (Young and Deutch, 1998). 692 

Based on the dense projections to NAc shell, we hypothesize that D2R overexpression may 693 

inhibit cocaine locomotor sensitization by decreasing activity of the glutamatergic projections 694 

from the PVT to the NAc shell. Specifically, activation of presynaptic PVT D2Rs within the NAc 695 

might inhibit glutamatergic release by G -mediated inhibition of voltage-gated calcium 696 

channels or by activation of Kv1.2 potassium channels. Such mechanisms have been postulated 697 

for presynaptic D2 autoreceptor-mediated inhibition of transmitter release in dopaminergic 698 

neurons (Herlitze et al., 1996; Ikeda, 1996; Martel et al., 2011).  699 

 700 

D2R upregulation in the PVT does not affect fear conditioning  701 

Surprisingly, D2R upregulation in the PVT did not affect fear conditioning.  Lesions of the 702 

posterior PVT have been shown to inhibit cued fear expression (Li et al., 2014b) and silencing 703 

PVT projections to the central nucleus of the amygdala (CeA) impairs fear retrieval (Do-Monte 704 

et al., 2015). Furthermore, silencing projections from the PVT to the lateral CeA either during 705 

cued fear conditioning or during retrieval 24 hours following fear conditioning decreases fear 706 

retrieval (Penzo et al., 2015). In addition, as discussed above, we also did not observe deficits in 707 

anxiety related behaviors or reward seeking as one might have expected. 708 
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One reason for the mild behavioral effects may be a possible ceiling effect whereby 709 

maximal inhibition of PVT activity by endogenous dopamine release is already achieved by wild-710 

type D2R levels. Alternatively, the mild behavioral effects observed may be a result of the 711 

limited number of PVT neurons infected by the virus. Future studies examining the effect of 712 

knocking out D2R selectively in the PVT will determine whether cocaine locomotor sensitization 713 

is bidirectionally modulated by PVT D2Rs. 714 

However, there is one important difference between our study and the studies 715 

discussed above, which is that within our study, inhibition of the PVT is dependent on 716 

endogenous dopamine release during behavior, which then acts on excess D2Rs. Dopamine 717 

release during fear conditioning or in the other unaffected behaviors may be insufficient to 718 

activate enough D2Rs to inhibit PVT neurons. In contrast, by blocking DAT, cocaine injections 719 

may result in sufficient levels of dopaminergic activation of PVT D2Rs to promote inhibition 720 

during cocaine sensitization. Since DAT levels are low in the PVT (Fig. 1F), we do not necessarily 721 

believe that the effects of cocaine are manifested by altering dopaminergic signaling at the 722 

level of PVT cell bodies. Instead, we hypothesize that cocaine may elicit its actions by increasing 723 

dopaminergic signaling at the level of D2R-expressing PVT terminals within the NAc, a region 724 

where DAT is heavily expressed. Future studies will address whether D2Rs on PVT terminals 725 

inhibit transmitter release as has been shown for striatal projection and dopaminergic neurons 726 

(Tecuapetla et al., 2009; Kohnomi et al., 2012; Ford, 2014; Dobbs et al., 2016). Currently the 727 

relative contribution of somatic versus terminal inhibition by D2Rs and how this affects cocaine 728 

sensitization is unknown and will need to be addressed in the future. 729 
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In conclusion, overexpression of D2R in the PVT attenuated cocaine locomotor 730 

sensitization. This finding suggests that D2R-mediated inhibition of PVT neurons modulates the 731 

sensitivity to cocaine. Since alterations in the thalamic dopaminergic system have been 732 

measured in cocaine addiction, our findings may also have implications for human drug use 733 

(Volkow et al., 1997; Volkow et al., 2005).   734 
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Figure Legends: 735 

Figure 1. D2R-expressing neurons are concentrated in the midline thalamus where D2R 736 

expression overlaps with TH innervation in the PVT. In situ hybridization for D2R mRNA shows 737 

expression in the PVT and central medial (CM) thalamus of wild type mice (Bregma -1.7 mm) (A) 738 

but not in D2 knockout mice (B). Scale bar: 1 mm. C) Immunohistochemistry for GFP (green) in a 739 

Drd2-EGFP mouse shows GFP expression in the PVT, intermediodorsal (IMD), and CM thalamus. 740 

Scale bar: 500 μm. D) Immunohistochemistry for GFP (green) and GAD67 (red) in a Drd2-EGFP 741 

mouse. No interneurons were found in the PVT. Scale bar: 100 μm. Inset: GAD67 labeling within 742 

CA1 of the hippocampus. Scale bar: 100 μm.  E) Immunohistochemistry for the dopamine 743 

transporter (DAT; green) shows labeling in the MD and lateral habenula (LHb). Scale bar: 250 744 

μm. Inset: DAT (green) labeling in the striatum. Scale bar: 1 mm. F) Immunohistochemistry for 745 

tyrosine hydroxylase (TH; red) shows dense innervation of the PVT. Scale bar: 250 μm. Inset: TH 746 

(red) labeling in the striatum. Scale bar: 1 mm. DAPI labeling is shown in blue in C-F.  747 

 748 

Figure 2. D2R activation in D2R-expressing PVT neurons induces an inhibition of tonic firing 749 

which is reversed by D2R antagonism. A) Immunohistochemistry for NeuN (red) and GFP 750 

(green) in the PVT in a Drd2-EGFP mouse. Scale bar: 100 μm. B) 64% of PVT neurons express 751 

GFP in Drd2-EGFP mice. C) All GFP-expressing PVT neurons exhibited a low-threshold rebound 752 

spike following recovery to baseline membrane potential from hyperpolarizing injections of 753 

current. D) Example trace of a tonically active D2R-expressing PVT neuron. Quinpirole induced 754 

an inhibition of action potential firing that was reversed by co-application of sulpiride. E) 755 

Quantification of firing frequency GFP+ neurons. RM ANOVA: Fdrug(2,8)=12.04,  p=0.0006, 756 
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**P<0.01 Bonferroni post hoc F) Quantification of firing frequency GFP- neurons. RM ANOVA: 757 

Fdrug(2,6)=2.65,  p=0.12 G) Quantification of resting membrane potential GFP+ neurons. RM 758 

ANOVA Fdrug(2,8)=4.0, p=0.039, *P<0.05 Bonferroni post hoc. H) Quantification of resting 759 

membrane potential GFP- neurons. RM ANOVA Fdrug(2,6)=3.94, p=0.048. Black data points show 760 

individual mice and red data points show the mean in E to H.  761 

 762 

Figure 3. D2R-expressing PVT neurons send projections to multiple regions within the limbic 763 

system. A) Site of injection of AAV5-DIO-eYFP virus in the PVT of a Drd2-Cre mouse with few 764 

D2R-positive neurons in the medial MD and IMD. D2R-expressing PVT neurons project strongly 765 

to the prelimbic cortex (PL, B), agranular insular cortex (AI, C), nucleus accumbens (NAc, D), bed 766 

nucleus of the stria terminalis (BNST, E), lateral amygdala (LA), basolateral amygdala (BLA), and 767 

central nucleus of the amygdala (CeA) (F). Scale bars: 500 μm. 768 

 769 

Figure 4. The relative density of D2R-positive and D2R-negative PVT neuronal projections 770 

differs within the nucleus accumbens (NAc). A) PVT site of dual injection of AAV5-DIO-mCherry 771 

(red) and AAV1-hsyn-FAS-GCaMP6f (green) in a Drd2-Cre mouse. Scale bar: 100 μm. B) Cre-772 

positive PVT neuronal projections within the NAc (red). Scale bar: 500 μm. C) Cre-negative PVT 773 

neuronal projections within the NAc (green). Scale bar: 500 μm. D) The overlap between Cre-774 

positive and Cre-negative PVT neuronal projections within the NAc. Scale bar: 500 μm. 775 

  776 

Figure 5. D2R-expressing PVT neurons receive inputs from many regions within the limbic 777 

system. A) Site of pseudotyped rabies viral injection within the PVT of a Drd2-Cre mouse. Scale 778 
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bar: 100 μm. Cell bodies were retrogradely labeled in the prelimbic (PL) and agranular insular 779 

(AI) cortex (B, C), nucleus accumbens (NAc) core (D), lateral septum (LS) (E), bed nucleus of the 780 

stria terminalis (BNST, F), central amygdala (CeA, G), and zona incerta (ZI, H). Scale bars for B-H: 781 

500 μm. Insets show individual cell bodies retrogradely labeled by the pseudotyped rabies virus 782 

within each region. Scale bars for insets: 50 μm.   783 

 784 

Figure 6. Overexpression of D2R in D2R-expressing PVT neurons inhibits cocaine locomotor 785 

sensitization. A) Viral spread of AAV2/1-hSyn-DIO-D2R(L)-IRES-mVenus in all D2R-OEPVT mice 786 

within the cocaine behavioral experiment overlaid on a single coronal image (1.2 mm posterior 787 

to Bregma). B) Illustration of the cocaine locomotor sensitization behavioral design. C) D2R-788 

OEPVT mice receiving cocaine injections exhibited decreased locomotion for the first 15 minutes 789 

on day 14, the cocaine challenge day, when compared to control EGFPPVT mice receiving 790 

cocaine injections (RM ANOVA over days 1-14: Fgroupxday(3,24)=8.6, p<0.0001. Post hoc Bonferroni 791 

D2R-OEPVT vs EGFPPVT on day 14 *p<0.05, n=7-8/group). D) D2R-OEPVT mice receiving cocaine 792 

injections exhibited decreased locomotion immediately after the injection when analyzed over 793 

the entire 180 minute period (RM ANOVA: Fgroupxtime(3,105)=1.82, p<0.0001, Bonferroni post hoc: 794 

***p<0.001 for 20th 5-minute time bin for D2R-OEPVT vs EGFPPVT with cocaine, n=7-8/group).  795 

 796 

Figure 7. Overexpression of D2R in D2R-expressing PVT neurons does not affect fear 797 

conditioning. A) Diagram illustrating the fear discrimination acquisition paradigm. B) Viral 798 

spread of AAV2/1-hSyn-DIO-D2R(L)-IRES-mVenus in D2R-OEPVT mice overlaid on a single coronal 799 

image (1.2 mm posterior to Bregma). C) D2R-OEPVT and control EGFPPVT mice exhibited similar 800 
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levels of freezing both at baseline and to the CS+ during acquisition (RM ANOVA: Fvirus(1,26)=0.08, 801 

p=0.77; Fvirusxtime(1,5)=0.25, p=0.94. D) D2R-OEPVT and control EGFPPVT mice exhibited similar 802 

levels of fear discrimination between the two tones (RM ANOVA: Fvirus(1,26)=0.04, p=0.85; 803 

Fvirusxstimulus(1,2)=1.7, p=0.08). E) D2R-OEPVT mice exhibited similar levels of freezing upon re-804 

exposure to context A when compared to control EGFPPVT mice (D2R-OEPVT = 15.7 +- 3.7 %, 805 

EGFPPVT = 21.6+- 4.7, t-test: p=0.32, n=14/14).  806 

 807 
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Table 1: Output and Input projections to D2R-expressing neurons in the PVT 
 
 

 Output 
Projections 

Input 
Projections 

Agranular Insular Cortex + + 

Prelimbic Cortex + + 

Orbital Frontal Cortex + + 

Cingulate Cortex - + 

Nucleus Accumbens (core and shell) + + 

Caudate Putamen + + 

Bed Nucleus of the Stria Terminalis + + 

Lateral Septum - + 

Interstitial Nucleus of the Posterior limb 
of the Anterior Commissure 

+ + 

Amygdala Central, 
Lateral, 

Basolateral 

Central 

Zona Incerta - + 

Reticular Thalamus - + 

Hypothalamus: preoptic, ventromedial, 
anterior, lateral, posterior, 
dorsomedial, arcuate, 
suprachiasmatic, paraventricular, A14, 
and supramammillary nuclei. 

- + 

Periaqueductal Gray - + 

Ventral Tegmental Area - + 

Substantia Nigra - + 

Locus Coeruleus - + 
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Lateral Parabrachial Nucleus - + 

Raphe (dorsal and raphe magnus) - + 
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Table 2: Summary of behaviors not affected by D2R upregulation in the PVT 
 
 

Task Outcome 
Measure 

D2R-OEPVT EGFPPVT Statistics 

Open Field Ambulatory 
Distance 

207 m/60 min 215 m/60 min RM ANOVA: FVirus(1,14)=0.211, 
P=0.65, n=8/8 

 Time in Center 455+-176 s of 
60 min 

440+-238 s of 
60 min 

RM ANOVA: FVirus(1,14)=0.02, 
P=0.88, n=8/8 

Elevated Plus 
Maze 

Open Arm Time 147.0+-8.4 s 140.7+-11.1 s t-test: p=0.65, n=8/8 

 Closed Arm Time 109.9+-7.3 s 110.5+-7.2 s t-test: p=0.96, n=8/8 

Light-Dark 
Test 

Time in light zone 
(first 5 min) 

130.3+-6.7 s 126.0+-9.4 s t-test: p=0.71, n=8/8 

Prepulse 
Inhibition 

(PPI) 

Startle Response 0.32+-0.29 0.25+-0.09 t-Test: P=0.53, n=8/8 

 Prepulse Inhibition Mean PPI 
(pp2,4,8,12,16): 
21.3% 

Mean PPI 
(pp2,4,8,12,16) 
: 20.4% 

RM ANOVA: Fvirus(1,14)=0.01 
P=0.92; Fvirusxprepulse(4,14)=0.51, 
P=0.72, n=8/8 

Pavlovian to 
Instrumental 
Transfer (PIT) 

Pavlovian 
Learning: Dipper 
approach 

No effect of 
virus 

 RM ANOVA: Fvirus(1,14)=2.6E-5, 
P=0.99; Fvirusxday(1,6)=0.22, p=0.96 

(Outcome- 
specific) 

Instrumental 
Response for 
sucrose solution 

No effect of 
virus 

 RM ANOVA: Fvirus(1,14)=0.52, 
p=0.48; Fvirusxday(1,10)=1.5, p=0.14 

 Instrumental 
Response for 
pellets 

No effect of 
virus 

 RM ANOVA: Fvirus(1,14)=0.01, 
p=0.91; Fvirusxday(1,10)=0.4, p=0.92 

 Pavlovian Transfer 
Score 

Same - 
Different: 2.34+- 
1.588 

Same - 
Different: 
0.79+-1.87 

ANOVA: Fvirus(1,14)=3.2, p=0.10, 
n=8/8 

Progressive 
Ratio 

Break Point 380.0+-69.6 
presses 

488.0+-82.9 
presses 

t-test: p=0.33 

 Time until Drop Out 77.4+-11.6 min 74.8+-9.5 min t-test: p=0.86 

Devaluation Lever Press Rate: 
Valued - Devalued 
Lever 

2.00+-0.70 
presses/min 
over 10 min 

2.30+-0.84 
presses/min 
over 10 min 

RM ANOVA: Fvirus(1,14)=0.057, 
p=0.81; Fvirusxday(1,9)=0.59, p=0.80 

 


