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Abstract   26 

Outputs from the nucleus accumbens include projections to the ventral pallidum and the 27 

ventral tegmental area and subtantia nigra in the ventral mesencephalon. The medium 28 

spiny neurons (MSN) that give rise to these pathways are GABAergic and consist of two 29 

populations of equal number that are segregated by differentially expressed proteins, 30 

including D1- and D2-dopamine receptors.  Afferents to the ventral pallidum arise from 31 

both D1- and D2-MSNs, while the ventral mesencephalon is selectively innervated by 32 

D1-MSN. To determine the extent of collateralization of D1-MSN to these axon terminal 33 

fields we used retrograde labeling in transgenic mice expressing tdTomato selectively in 34 

D1-MSN, and found that a large majority of D1-MSN in either the shell or core 35 

subcompartments of the accumbens collateralized to both output structures.  36 

Approximately 70% of D1 MSN projecting to the ventral pallidum collateralized to the 37 

ventral mesencephalon, while >90% of mesencephalic D1-MSN afferents collateralized 38 

to the ventral pallidum.  In contrast, <10% of dorsal striatal D1-MSN collateralized to 39 

both the globus pallidus and ventral mesencephalon. D1-MSN activation is required for 40 

conditioned cues to induce cocaine seeking. To determine which D1-MSN projection 41 

mediates cued cocaine seeking, we selectively transfected D1-MSNs in transgenic rats 42 

with an inhibitory Gi-coupled DREADD.  Activation of the transfected Gi-DREADD with 43 

clozapine-N-oxide administered into the ventral pallidum, but not into the ventral 44 

mesencephalon, blocked cue-induced cocaine seeking.  These data show that although 45 

accumbens D1-MSNs largely collateralize to both the ventral pallidum and ventral 46 

mesencephalon, only D1-MSN innervation of the ventral pallidum is necessary for cue-47 

induced cocaine seeking. 48 

  49 



 

3 
 

Significance Statement 50 

Activity in D1 dopamine receptor expressing neurons in the nucleus accumbens is 51 

required for rodents to respond to cocaine conditioned cues and relapse to drug seeking 52 

behaviors. The D1-expressing neurons project to both the ventral pallidum and ventral 53 

mesencephalon, and we found that a majority of the neurons that innervate the ventral 54 

pallidum also collateralize to the ventral mesencephalon. However, in spite of 55 

innervating both structures, only D1 innervation of the ventral pallidum mediates cue-56 

induced cocaine seeking. 57 

  58 
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Introduction  59 

Nucleus accumbens neurons are the main target for cortical, allocortical and thalamic 60 

information entering ventral basal ganglia circuitry (Groenewegen et al., 1999). As such, 61 

these neurons are critical mediators of goal directed behavior, reward, and 62 

reinforcement learning (Floresco, 2015). The nucleus accumbens can be subdivided into 63 

a central core (NAcore), and surrounding shell (NAshell) subregion based on the 64 

expression of different histochemical markers, and on distinct and topographically 65 

organized afferent input (Haber, 2011; Scofield et al., 2016). The main efferent 66 

projections from the accumbens to the ventral pallidum (VP) and ventral mesencephalon 67 

are also organized topographically (Heimer et al., 1991). NAcore neurons preferentially 68 

innervate the dorsolateral compartment of the VP, and the medial substantia nigra (SN) 69 

in the ventral mesencehalon (Heimer et al., 1991; Kupchik et al., 2015). In turn, NAshell 70 

neurons innervate the ventral VP, dopaminergic and GABAergic neurons in the medial 71 

ventral tegmental area (VTA), and laterally located VTA GABA neurons (Heimer et al., 72 

1991; Yang et al., 2018).  73 

The majority of neurons in the nucleus accumbens (90-95%) are medium spiny 74 

projection neurons (MSN), which consist of two subpopulations with distinct functions 75 

that express different dopamine receptors (Gerfen et al., 1990; Saunders et al., 2018). 76 

Dopamine D1 receptor expressing MSNs (D1-MSNs) positively regulate motivated 77 

states and motor activity via the canonical ‘direct pathway’, a di-synaptic transpallidal 78 

output pathway that disinhibits basal ganglia output structures (Gerfen and Surmeier, 79 

2011). On the other hand, dopamine D2 receptor expressing projection neurons (D2-80 

MSN) negatively regulate motivation and motor activity, and give rise to a multisynaptic 81 

basal ganglia pathway that inhibits downstream brain regions (Gerfen and Surmeier, 82 

2011; Smith et al., 2013). Supporting this model, D1- and D2-MSN in the dorsal striatum 83 
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project into mostly separate basal ganglia circuits. However, nucleus accumbens D1- 84 

and D2-MSN both innervate the VP, and these neurons give rise to both direct and 85 

indirect transpallidal projections (Robertson and Jian, 1995; Lu et al., 1998; Kupchik et 86 

al., 2015; Creed et al., 2016; Matsui and Alvarez, 2018).  87 

Almost all VP neurons are innervated by D2-MSN, and at least 50% of VP neurons 88 

receive D1-MSN inputs (Kupchik et al., 2015). Despite the absence of a strict direct and 89 

indirect pathway organization of accumbens D1-MSN outputs, activity in accumbens D1-90 

MSN remains necessary for motivated behavior, including cue-induced drug seeking 91 

(Creed et al., 2016; Heinsbroek et al., 2017; Gallo et al., 2018).  The circuitry confound 92 

created by the presence of both direct and indirect accumbens D1-MSN projection is 93 

augmented by retrograde tracing and single neuron axon tracing demonstrating that 94 

some accumbens neurons collateralize between the VP and VTA/SN (Robertson and 95 

Jian, 1995; Tripathi et al., 2010). However, the proportion of collateralizing D1-MSNs is 96 

not known. Furthermore, it remains unknown whether all D1-VP inputs originate from 97 

D1-VTA/SN projecting neurons, or whether some D1-MSNs exclusively innervate the VP 98 

and not the VTA/SN. Importantly, a high degree of collateralization between VP and 99 

VTA/SN may warrant the reinterpretation of effects observed following projection specific 100 

D1-MSN manipulations because observed effects may depend on the VP, the VTA/SN 101 

or both. For example, optogenetically stimulating VP axons may inadvertently cause 102 

effects in the VTA/SN through the antidromic activation of axon collaterals (Yizhar et al., 103 

2011).  104 

We used a combination of circuit tracing strategies to investigate the extent of 105 

collateralization between the striatomesencephalic and striatopallidal projections of 106 

accumbens D1-MSNs. Because we found that almost all D1-MSNs projecting to the 107 

VTA/SN send collaterals to the VP, we used chemogenetic terminal silencing to 108 
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functionally dissect the role of D1-VP and D1-SN projections from NAcore during 109 

reinstatement of cocaine seeking. Surprisingly, we found that only activity in the 110 

accumbens D1-VP, not in the D1-SN pathway was necessary for cocaine seeking. 111 

These data indicate that synapses from the same neurons can mediate different 112 

functions between output structures, and identify a critical role for the D1-VP pathway 113 

underlying motivated cocaine seeking.  114 

  115 



 

7 
 

Materials and Methods 116 

Animals and Housing: Male and female mice and rats were bred at the Medical 117 

University of South Carolina in a temperature and humidity controlled room under 118 

reverse light schedule conditions (8am-8pm). Dopamine D1 receptor tdTomato reporter 119 

mice (Shuen et al., 2008) were obtained from Vanderbilt University and crossed with 120 

wildtype mice (C57BL/6J, Jackson laboratory). Transgenic Long Evans D1-iCre 121 

transgenic rats (LE-TgDrd1a-iCre-3Ottc) were obtained from the NIDA transgenic animal core 122 

facility, and crossed with wildtype Long Evans rats (Charles River).  123 

Drugs: Cocaine hydrochloride (NIDA) was dissolved in sterile saline and filtered before 124 

use. For intraperitoneal injections clozapine-N-oxide (CNO; NIDA drug supply program) 125 

was dissolved in 100% DMSO, and diluted to a 10 mg/ml solution using sterile saline 126 

(final vehicle solution: 5% DMSO and saline). For microinjections, CNO (Abcam) was 127 

dissolved at 1 mM in sterile artificial cerebrospinal fluid (aCSF; in mM: 126 NaCl, 1.4 128 

NaH2PO4, 25 NaHCO3, 1.2 MgCl2, 2.4 CaCl2, 2.5 KCl). 129 

Retrograde Tracing: Fluorogold (FG) was iontophoretically deposited into the mouse VP 130 

(AP: 0.3, ML: between 1.3 and 1.5, DV: -5) or globus pallidus (GP; AP: -0.2, ML: 1.7, 131 

DV: -4.0) using glass micropipettes (~15 μm tip) and an iontophoresis pump (BAB-501, 132 

Kation Scientific). FG deposit placements in the VP were varied (ML: between 1.3 and 133 

1.5) to retrogradely label NAcore or NAshell neurons. For iontophoresis the following 134 

parameters were used: current: 3 μA, pulsewidth: 7 s, duration: 5 min, and iontophoresis 135 

was terminated by reversing the polarity of the circuit. Retrobeads (Lumafluor) were 136 

pressure injected into ventral mesencephalon nuclei (VTA: AP -2.8, ML 0.5, DV -4.6; 137 

medial SN: AP -2.8, ML 1.3, DV -4.8; lateral SN: AP -2.8, ML 1.7, DV -4.8) using glass 138 

micropipettes (tip: ~20 μm) and an automated nanoliter injection system (NanoJect, 139 

Drummond Scientific). After injections, pipettes were left in place for an additional 10 min 140 
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and then slowly retracted. Animals were given at least 10 d to allow for the retrograde 141 

transport of tracers into the soma of nucleus accumbens and dorsal striatal neurons, and 142 

were then transcardially perfused with ice-cold saline followed by a 10% phosphate 143 

buffered formalin-saline solution.  144 

Immunohistochemistry: Brains were post-fixed at 4ºC in 10% formalin overnight, followed 145 

by a 2 d incubation in cryoprotectant (30% sucrose in PBS) at 4ºC. Afterwards, brains 146 

were flash frozen on dry ice, and sliced into 50 μm sections on a cryostat. For 147 

immunohistochemical staining, free-floating sections were treated with blocking solution 148 

(0.25-0.5% Triton X-100, 2.5% bovine serum albumin, 5% normal goat serum, in 149 

phosphate buffered saline; PBS) for 2 h at room temperature. Afterwards brains were 150 

incubated overnight into blocking solution containing the following primary antibodies: 151 

Mouse anti-NeuN (1:1000; Millipore MAB-377; RRID:AB_2298772), rabbit anti-152 

substance  P (1:1000, Immunostar #20064, RRID:AB_572266), mouse anti-TH (1:10k, 153 

Immunostar #22941, RRID:AB_572268), rabbit anti-fluorogold (1:1000; Fluorochrome; 154 

RRID:AB_2314408), and rabbit anti-dsRed (1:1000; Clontech #632496; 155 

RRID:AB_10013483). Finally, sections were stained using standard AlexaFluor 156 

conjugated secondary antibodies (1:500; ThermoFisher), or using a peroxidase 157 

mediated diaminobenzedine stain. Fluorescently labeled sections were thoroughly rinsed 158 

in PBS after each staining step, mounted onto glass slides and coverslipped using 159 

prolong gold antifade mounting medium (ThermoFisher). Sections labeled with the 160 

chromogen were counterstained with Nissl (Cresyl Violet), dehydrated using ethanol and 161 

coverslipped using Permount mounting medium. . 162 

Image analysis: For high magnification micrographs and cell count analyses images 163 

were acquired as stacks using a SP6 confocal microscope (Leica Microsystems) at 63x, 164 

deconvolved (AutoQuant X2, MediaCybernetics) and visualized using Imaris software 165 
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(Bitplane). Processed image stacks were imported into ImageJ (Fiji version 1.51g, NIH) 166 

and co-localization and cell counting analyses were performed using the Cell Counter 167 

plugin. Retrogradely labeled neurons from the VTA/SN were defined as cells containing 168 

retrobead puncta. A total of 3-4 image stacks were used to count co-labeled cells for 169 

each animal. To quantify retrobead labeling density, a single image was extracted from 170 

the middle of each image stack and ROIs were drawn around each triple labeled neuron. 171 

ROIs were then superimposed onto a thresholded image containing only the retrobead 172 

signal. Individual spots within each ROI were counted manually to determine the number 173 

of retrobead puncta per neuron. For virus and cannula placement verification and low 174 

magnification micrographs, images were acquired using a digital camera (Canon EOS 175 

Rebel T3) mounted on an Olympus BX40 microscope and images were stitched together 176 

using Photoshop (Adobe).  177 

Self-Administration: D1-Cre rats and wild-type Long Evans littermates were implanted 178 

with an indwelling jugular vein catheter. Rats received ketorolac (2 mg/kg, i.p.) and 179 

cephazolin (200 mg/kg, i.p.) peri-operatively and were allowed to recover for at least 5 180 

days after surgery. To facilitate acquisition of cocaine self-administration, rats were food 181 

deprived overnight and trained (2h) to lever press for food pellets. The following day, rats 182 

began a 12 d cocaine self-administration training regimen during which active lever 183 

presses were reinforced with the intravenous delivery of 0.2 mg of cocaine in 50 μl 184 

sterile saline (~0.5 mg/kg/infusion) paired with the presentation of a response contingent 185 

compound cue (tone + light). Presses on the inactive lever were without consequences, 186 

and served as a control for motor activity and non-specific responding. Immediately 187 

following self-administration, rats underwent at least 10 d of extinction training in the 188 

same chambers, during which presses on either lever were without programmed 189 

consequences. Following extinction training, rats were tested during cue-induced 190 
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reinstatement tests, wherein the drug-paired cues, but not cocaine itself was returned to 191 

each active lever press. To facilitate drug seeking during reinstatement, five minutes into 192 

the session all rats received a non-contingent cue presentation. Each rat received both 193 

vehicle and CNO treatment, and was given at least two days of extinction training in 194 

between reinstatement tests. Rats were counterbalanced based on self-administration 195 

and extinction behavior and no differences were observed between these groups prior to 196 

testing. Following cue-induced reinstatement tests, rats underwent two additional 197 

cocaine-primed reinstatement tests where they received an intraperitoneal injection of 198 

cocaine (10 mg/kg) immediately prior to a regular extinction session.  199 

Chemogenetics: During catheter implantation, to target D1-MSN and D1-VP projections 200 

D1-Cre rats were injected with a Cre-recombinase dependent vector carrying the 201 

inhibitory Designer Receptor Exclusively Activated by Designer Drugs hM4Di (Gi-202 

DREADD; AAV2-hSyn-DIO-hM4Di; AddGene; titer: 4.6 x 1012 GC/ml) into the NAcore 203 

(AP: 1.6, ML: 2.8, DV: -7, angle: 10º). Only NAcore D1-MSN project to the SN (Kupchik 204 

et al., 2015). Therefore, to target the D1-SN pathway, wild-type littermates were injected 205 

with a pan-neuronal vector carrying hM4D (AAV2-hSyn-hM4Di; University of North 206 

Carolina Vector Core; titer: 2.6 * 1012 GC/ml). Rats were implanted with chronic guide 207 

cannulae above the VP (AP: -0.2, ML: 2.3, DV: 6) and SN (AP: -5.2, ML: 3.1, DV: -5.5, 208 

angle: 10º) held into place by dental acrylic and jeweler screws anchored in the skull. 209 

Cannulae (Plastics One) were fitted with dummy injectors to prevent debris from entering 210 

the cannulae. 15 minutes prior to testing, rats received intraperitoneal (10 mg/kg) or 211 

intracranial injections of clozapine-N-oxide (CNO; 1 nmol; 500 nl/side) over 2 min using 212 

33 gauge microinjector needles (Plastics One) that extended 2 mm from the tip of the 213 

cannulae. Following the microinfusion, cannulae were left in place for 2 additional 214 

minutes to allow for the diffusion of the drug.  215 
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Statistics: All data are presented as mean ± sem. Statistical analyses were performed 216 

using Prism (Graphpad; version 6.2), and outliers were removed using the ROUT 217 

module set at 1. This analysis resulted in the removal of 5 rats that were entered into the 218 

behavioral studies. In addition, 2 rats were excluded because they did not reinstate 219 

following a vehicle microinjection, and 3 rats were excluded for misplaced cannulae. 220 

Student’s t-tests and Chi-square tests were used for tracing studies. One-way and two-221 

way repeated measures analysis of variance (RM-ANOVA) with Greenhouse-Geisser 222 

correction and Neumann-Keuls post-hoc tests were used for behavioral data and puncta 223 

analysis as specified in the results. Statistical significance was set at 0.05. 224 

  225 
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Results 226 

Nucleus accumbens D1-MSN collateralize into the ventral pallidum and ventral 227 

mesencephalon. To investigate whether and to what extent D1-MSN projection neurons 228 

collateralize between the VP and VTA/SN, we unilaterally injected two different 229 

retrograde chemical tracers into these structures in transgenic D1-tdTomato reporter 230 

mice (Figure 1A) and quantified the amount of overlap in tracer uptake into accumbens 231 

D1-MSN. Because NAcore and NAshell subregions innervate distinct subareas of the 232 

VP and the ventral mesencephalon (Heimer et al., 1991), injections were placed at 233 

different coordinates along the mediolateral axis for both the VP and ventral 234 

mesencephalon. D1-MSN collaterals originating from the NAcore were targeted by 235 

injecting tracers into the medial SN and dorsolateral VP, whereas collaterals originating 236 

from NAshell neurons were studied by microinjecting tracer into the VTA and medial VP. 237 

In order to limit the amount of tracer uptake by fibers of passage in the VP, we 238 

iontophoretically deposited the charged tracer FG in the VP using small (~15-20 μm 239 

diameter) tipped glass micropipettes (Lu et al., 1998). Because very few nucleus 240 

accumbens fibers pass through the VM (Heimer et al., 1991), we pressure injected 241 

retrobeads into the VTA or medial SN. After ten days of retrograde tracer transport into 242 

nucleus accumbens neurons, we perfused the animals and quantified the amount of 243 

overlap of FG and retrobead tracers in D1-MSN of D1-tdTomato reporter mice (Figure 244 

1). Although we found dense labeling of FG in the nucleus accumbens (Fig. 1F), 245 

retrobead labeling was more variable, perhaps indicating variability in D1-MSN terminal 246 

density within the VTA/SN (Fig. 1E,G,H; Two-way RM-ANOVA main effect across bins, 247 

F(8, 32) = 11.47, p < 0.001). However, overall a similar number of D1-MSNs were labeled 248 

with FG and retrobeads, suggesting similar uptake rates of the two tracers between the 249 

VP and VTA/SN (Fig. 2B, E). Surprisingly, D1-MSNs in both NAcore and NAshell heavily 250 

collateralized between the VP and VTA/SN. A substantial number of retrogradely labeled 251 
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D1-MSNs contained both tracers in the NAcore (65.6 ± 3.9 percent, mean ± sem) and 252 

NAshell (66.8 ± 1.4 percent). No difference was observed in the percentage of double 253 

labeled neurons between these structures (Fig. 2D). We also calculated the proportion of 254 

collateralizing neurons in the D1-VP or D1-VTA/SN pathway by expressing the number 255 

of double labeled neurons as a fraction of all neurons containing FG (VP-projecting) or 256 

retrobeads (VTA/SN-projecting; Figure 2C, F). In the NAshell 94% of D1-MSNs that 257 

project to the VTA collateralize into the VP, and 70% of D1-MSNs projecting to VP send 258 

collaterals to the VTA (Fig. 2C). Similarly, in the NAcore 90% of SN-projecting D1-MSN 259 

collateralize into the VP, and 71% of VP-projecting D1-MSN collateralize to the SN (Fig. 260 

2F). A Chi-square analysis over the fraction of collaterals of D1-MSN projecting to the 261 

VP did not reveal any differences between NAcore and NAshell. By contrast, the D1-SN 262 

projection from the NAcore contained more VP-projecting collaterals than the D1-VTA 263 

projection from the NAshell (Fig. 2C, F; 2 = 15.63, p < 0.001). 264 

Nucleus accumbens MSNs collateralize more extensively than dorsolateral striatum 265 

MSNs. Dorsal striatal projections to the midbrain passing through the GP are known to 266 

establish sparse synaptic contacts onto local GP neurons, and the extent of 267 

collateralization changes under specific conditions (Kawaguchi et al., 1990; Cazorla et 268 

al., 2014). To investigate whether and to what extent neurons in the dorsal striatum 269 

collateralize between these output structures in naïve animals, we iontophoretically 270 

deposited fluorogold in the GP, and pressure injected retrobeads in the lateral SN of 271 

wildtype mice (Fig. 3B, C). As a comparison and in an attempt to corroborate the 272 

nucleus accumbens data (Fig. 2), we also injected tracers in the VP and VTA/SN of 273 

wildtype mice. Although we observed fewer overall labeled neurons in the dorsolateral 274 

striatum, the nucleus accumbens and the dorsolateral striatum each contained equal 275 

numbers of neurons labeled with retrobeads or FG, indicating effective retrograde 276 
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transport of these tracers into neurons from both regions (Fig. 3E, H). In concordance 277 

with the experiment above using the transgenic D1-tdTomato expressing mice, we 278 

observed a substantial amount of neurons (NeuN+ cells) that collateralized between the 279 

VP and VTA/SN in the nucleus accumbens of wildtype mice (Fig. 3G). Approximately 280 

half of all retrogradely labeled nucleus accumbens neurons (50.5 ± 4.8 percent) 281 

contained both retrobeads and fluorogold, presumably corresponding to the D1-MSN 282 

since few or no D2-MSN project to the ventral mesencephalon (Lu et al., 1998; Kupchik 283 

et al., 2015). By contrast, very few dorsolateral striatum neurons were double labeled 284 

(Fig. 3G; 7.0 ± 2.1 percent), and an unpaired student’s t-test revealed that the 285 

percentage of double labeled neurons in the nucleus accumbens was higher compared 286 

to the dorsolateral striatum (Fig. 3G; t(5) = 9.26, p < 0.001). These results suggest that in 287 

contrast to ventral striatal accumbens neurons, dorsal striatopallidal and striatonigral 288 

projecting neurons collateralize to a much lesser extent. We also calculated the amount 289 

of collateralization for each pathway independently, which matched our previous 290 

observations for the nucleus accumbens (Fig. 3I). By contrast, in the dorsal 291 

striatopallidal and striatonigral projection a much smaller fraction of the neurons 292 

collateralized between these output structures (Fig. 3F; 15% and 17% respectively). Chi-293 

square tests comparing the proportion of collateralizing neurons revealed differences in 294 

the striatopallidal ( 2 = 369.1, p < 0.001) and striatonigral pathway ( 2 = 568.0, p < 295 

0.001) between the nucleus accumbens and dorsolateral striatum.  296 

D1-MSN in the NAcore are necessary for cued cocaine seeking during reinstatement. 297 

Previous studies indicate that activity in striatopallidal projection neurons from the 298 

NAcore is necessary for reinstated cocaine seeking (McFarland and Kalivas, 2001; 299 

Stefanik et al., 2013). This effect is mediated by D1-MSNs and dependent on 300 

downstream activity in the VP (Heinsbroek et al., 2017). However, given that a majority 301 
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of NAcore D1-MSN collateralize between the VP and SN, previous studies using 302 

pharmacological or optogenetic methods of inhibition could not distinguish between D1-303 

MSN driving relapse through effects in either of these output structures or via 304 

coordinated activity in both. Although stimulating D1-MSNs is sufficient to augment 305 

reinstatement of cocaine seeking in transgenic D1-Cre mice, inhibiting D1-MSNs did not 306 

affect reinstatement because of low rates of responding in mice compared to rats 307 

(Heinsbroek et al., 2017). To circumvent this problem, we used transgenic D1-Cre rats to 308 

study the role of NAcore D1-MSN using an inhibitory chemogenetic approach (Gi-309 

DREADD; Fig. 4A). Following an initial brief food training session rats underwent 12 310 

days of self-administration and 10 days of extinction (Fig. 4B). Thirty minutes prior to 311 

cue- and cocaine-primed reinstatement tests rats received intraperitoneal injections of 312 

clozapine-N-oxide (CNO) to inhibit D1-MSN activity in the NAcore. As expected, 313 

inhibiting the activity of D1-MSN significantly reduced responding on the active lever 314 

during cue-induced cocaine seeking (Fig. 4C; RM-ANOVA, F(1.89, 13.2) = 16.5, p < 0.001). 315 

However, inhibiting D1-MSNs did not alter reinstatement following a priming injection of 316 

cocaine (Fig. 4D; RM-ANOVA,  F(1.95, 13.6) = 13.79, p < 0.001). Inactive lever pressing was 317 

not affected by either CNO or reinstatement (Fig. 4C, D) 318 

D1-MSN projections to the VP are necessary for cued cocaine seeking during 319 

reinstatement.  In order to selectively inhibit projections from the NAcore to the VP 320 

without affecting fibers of passage or neural activity in the SN through collaterals, we 321 

utilized the Gi-DREADD and CNO microinjections to inhibit local neurotransmitter 322 

release in the VP (Mahler et al., 2014; Roth, 2016; Gallo et al., 2018). Gi-coupled G-323 

protein coupled receptor signaling directly interferes with the synaptic vesicle release 324 

protein SNAP-25 to block vesicular release (Blackmer et al., 2001), and completely 325 

inhibits optically evoked GABA release from D1-MSN terminals in the VP (Heinsbroek et 326 
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al., 2017). Following self-administration and extinction training (Fig. 5B), D1-Cre rats 327 

were microinjected 15 min prior to reinstatement tests with CNO (1 nmol) through 328 

chronically implanted VP guide cannulae. CNO significantly reduced active lever 329 

responding during cue-induced reinstatement of cocaine seeking (Fig 5C; RM-ANOVA, 330 

F(1.20, 9.57) = 17.3, p < 0.01), but did not alter active lever responding during cocaine-331 

primed reinstatement (Fig. 5D; RM-ANOVA, F(1.76, 8.82) = 11.6, p < 0.01). Neither CNO 332 

treatment nor reinstatement altered inactive lever responding (Fig 5C, D).  333 

D1-MSN projections to the SN do not affect cocaine seeking during reinstatement.  We 334 

next sought to investigate the role of striatonigral D1-MSN projections during reinstated 335 

cocaine seeking. Because NAcore D1-MSN predominately innervate SN neurons 336 

(Kupchik et al., 2015), we transfected NAcore MSN of wild-type D1-Cre littermates with 337 

the Gi-DREADD using a pan-neuronal promotor. Afterwards, rats were implanted with 338 

cannulae aimed at the ventromedial part of the SN to target the NAcore D1-MSN 339 

terminals innervating this structure (Fig. 6A; Heimer et al., 1991). After self-340 

administration and extinction (Fig. 6B), CNO was microinjected into the SN prior to 341 

reinstatement tests. CNO did not alter active lever responding during cue-induced 342 

reinstatement of cocaine seeking (Fig 6C; RM-ANOVA, F(1.95, 13.7) = 7.85, p < 0.01), or 343 

cocaine-primed reinstatement (Fig 6D; RM-ANOVA, F(1.63, 8.16) = 12.3, p < 0.01). 344 

Furthermore, inactive lever pressing did not change during either test (Fig 6C, D).  345 

  346 
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Discussion  347 

It is established that D1-MSNs in the nucleus accumbens project to both the VTA/SN 348 

and the VP (Robertson and Jian, 1995; Bock et al., 2013; Smith et al., 2013; Francis et 349 

al., 2015; Kupchik et al., 2015; Matsui and Alvarez, 2018). Because the 350 

striatomesencephalic D1-VTA/SN pathway passes through the VP, it has been assumed 351 

that D1-VP projections consist of trespassing axons that collateralize onto local VP 352 

neurons (Matsui and Alvarez, 2018). We confirmed this assumption by finding a majority 353 

of nucleus accumbens D1-MSN collateralize between the VTA/SN and VP. Furthermore, 354 

we observed that neurons in the nucleus accumbens collateralize to a much greater 355 

extent than neurons in the dorsolateral striatum. We also found that D1-MSNs in the 356 

NAcore are necessary for driving cue-induced reinstatement, but not cocaine-primed 357 

reinstatement of cocaine seeking. Although NAcore D1-MSNs extensively collateralize 358 

between the VP and SN, we demonstrated that only D1-VP projections and not D1-SN 359 

projections are necessary for cue-induced reinstatement of cocaine seeking. These 360 

studies indicate that although these projections largely arise from the same neurons, 361 

they have distinct effects on motivated behavior depending on the downstream 362 

projection area.  363 

Direct and indirect projections.   Recent findings are giving rise to a more nuanced 364 

working model of information flow through the basal ganglia. For instance, there is 365 

substantial crosstalk between the canonically distinct (D1- or D2-MSN originating) direct 366 

and indirect pathways of the dorsal striatum at the level of the GP (Cazorla et al., 2014; 367 

Saunders et al., 2015). Furthermore, nucleus accumbens D1- and D2-MSN projections 368 

to the VP interconnect at the level of the VP, giving rise to both direct and indirect VP 369 

projections to the VTA/SN and thalamus/epithalamus (Robertson and Jian, 1995; Lu et 370 

al., 1998; Kupchik et al., 2015; Knowland et al., 2017). Our current findings add to this 371 
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complexity by demonstrating that a majority of D1-MSN collateralize into the VP and the 372 

VTA/SN. This appears to be unique to the ventral basal ganglia, since <10% of 373 

dorsolateral striatal D1-MSN collateralize to both the GP and SN.  374 

Comparing the NAcore and NAshell MSN projections.   We observed equal numbers of 375 

collateralizing D1-MSNs in the NAcore and NAshell, but found that a larger proportion of 376 

neurons in the NAcore D1-SN pathway collateralize to the VP compared to those in the 377 

NAshell D1-VTA pathway. The functional implications of this observation warrant further 378 

investigation, given that D1-MSNs in NAcore and NAshell projecting to the VP likely 379 

convey distinct motivated information (Floresco, 2015). For instance, NAcore D1-MSNs 380 

are sufficient for cue-induced reinstatement of cocaine seeking (Heinsbroek et al., 2017), 381 

and that the combined D1- and D2-MSN NAcore projection to the VP regulates 382 

reinstatement induced by combined cocaine cues and cocaine priming injection 383 

(Stefanik et al., 2013). By contrast, NAshell neurons are not necessary for combined cue 384 

and cocaine induced reinstatement (McFarland and Kalivas, 2001). However, functional 385 

D1 or D2 receptors in the NAshell but not in NAcore are both sufficient and necessary 386 

for reinstatement to a cocaine priming injection (Anderson et al., 2003; Anderson et al., 387 

2006; Schmidt et al., 2006). Although more work is necessary, these findings suggest 388 

distinct roles for the NAcore and NAshell in reinstatement depending on whether drug 389 

seeking is elicited by drug-paired cues or priming drug injections. Combined with our 390 

current observations, it is tempting to speculate that D1-MSN projections from the 391 

NAshell to the VP and VTA are responsible for cocaine-primed reinstatement, and not 392 

cue-induced reinstatement of cocaine seeking. Alternatively, reinstatement could depend 393 

on activity in the D2-VP projection from the nucleus accumbens. Arguing against a 394 

prominent role by activation of D2-MSN, cocaine inhibits D2-MSN activity and 395 

chemogenetically inhibiting D2-MSN potentiates reinstatement (Calipari et al., 2016; 396 
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Heinsbroek et al., 2017). However, given the collateralization between D1- and D2-MSN 397 

in the nucleus accumbens (Burke et al., 2017), it remains possible that D2-MSN activity 398 

may regulate reinstatement through collateral influences on D1-MSN. 399 

Although we observed that NAcore and NAshell D1-MSNs strongly collateralize between 400 

the VP and VTA/SN, D1-MSNs projecting to the lateral hypothalamus (LH) and VTA 401 

from the NAshell comprise two largely non-overlapping pathways (Gibson et al., 2018). 402 

In the D1-LH pathway only 20% of D1-MSNs collateralized into the VTA (compared to 403 

70% of the D1-VP pathway in our study), and only 10% of VTA projecting D1-MSN 404 

collateralized into the LH (compared to >90%). These data suggest that the NAshell D1-405 

LH projection is anatomically distinct from D1-VP and D1-VTA projections. In line with 406 

this idea, NAshell projections to the hypothalamus are thought to comprise a distinct 407 

basal ganglia output that functions to mediate the autonomous, somatomotor and 408 

neuroendocrine responses of reward (Heimer et al., 1997). Furthermore, functionally 409 

distinct NAshell D1-LH and D1-VTA pathways regulate different aspects of alcohol 410 

seeking. D1-VTA projections are necessary for context-induced reinstatement of alcohol 411 

seeking, whereas the D1-LH pathway mediates extinction (Marchant et al., 2009; Gibson 412 

et al., 2018)     413 

Our experiments show that NAcore D1-MSN collaterals to the VP, not SN, drive drug 414 

seeking. However, it is possible that the ~30% of D1-MSN afferents to the VP that do not 415 

appear to collateralize to the SN mediate cue-induced cocaine seeking. Exactly how the 416 

VP/SN collateralizing and VP only projecting D1-MSNs integrate with the distinct output 417 

pathways of the VP and SN remains to be established. Furthermore, it needs to be 418 

determined whether these two populations of D1-MSN preferentially innervate one or 419 

another cell type in the VP. 420 
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Cell type specific targeting of VP and VTA/SN neurons.   Accumulating evidence 421 

suggests that D1-MSNs synapsing in the VP and ventral mesencephalon undergo 422 

similar adaptations in response to drug experience. For instance, NAshell D1-VP and 423 

D1-VTA synapses lose their ability to undergo synaptic plasticity (GABAergic long term 424 

potentiation) after repeated non-contingent injections of cocaine due to a persistent 425 

potentiation of synaptic transmission in these synapses (Bocklisch et al., 2013; Creed et 426 

al., 2016). Since D1-MSN projections from the nucleus accumbens to the lateral VTA 427 

preferentially target GABAA receptors onto GABAergic interneurons, augmentation of 428 

GABA release from D1-MSN afferents disinhibits VTA dopamine neurons (Bocklisch et 429 

al., 2013; Kupchik et al., 2015; Yang et al., 2018). D1-VTA projections originating from 430 

the medial NAshell also target accumbens-innervating dopamine neurons directly 431 

through GABAB receptors, and this pathway comprises a delayed negative feedback on 432 

mesolimbic dopamine signaling (Edwards et al., 2017; Yang et al., 2018). Therefore, D1-433 

MSN projection neurons may form collaterals to signal delayed negative feedback, 434 

whereas others D1-MSN may collateralize to amplify a signal in both the VP and 435 

VTA/SN.  436 

It remains to be established what types of neurons in the VP are innervated by D1-VP 437 

projections (Root et al., 2015). Given that the majority of VP neurons are GABAergic 438 

projection neurons, and that many of these neurons directly innervate dopamine neurons 439 

in the VTA and SN, D1-VP projections may indirectly disinhibit dopamine neurons 440 

downstream (Floresco et al., 2003; Hjelmstad et al., 2013; Chang and Grace, 2014; 441 

Mahler et al., 2014; Root et al., 2015). In addition to these GABAergic neurons, a 442 

substantial proportion of VP neurons are glutamatergic, and at least a subset of 443 

glutamatergic VP neurons that co-express parvalbumin are equally innervated by 444 

nucleus accumbens D1-MSN and D2-MSN (Hur and Zaborszky, 2005; Geisler et al., 445 
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2008; Knowland et al., 2017; Faget et al., 2018; Tooley et al., 2018). Thus, additional 446 

research is necessary to identify the distinct subtypes of neurons that are innervated by 447 

D1-VP and D1-VTA/SN projections.  448 

Technical Considerations.  We employed a chemogenetic strategy to selectively inhibit 449 

D1-MSN cell bodies and axon terminals, and it is important to note the limitations of this 450 

approach (Mahler et al., 2014; Roth, 2016; Mahler and Aston-Jones, 2018). CNO, the 451 

ligand used to activate Gi-DREADD is metabolized into clozapine by the liver, and 452 

clozapine is the main activator of DREADDs in the CNS following systemic CNO 453 

injections (Gomez et al., 2017; Mahler and Aston-Jones, 2018). Importantly, previous 454 

studies using equal or higher doses of systemic CNO report no non-specific effects on 455 

reinstatement (Mahler et al., 2014; Augur et al., 2016). Similarly, previous studies found 456 

that CNO microinjected into either the ventral mesencephalon, lateral septum or VP 457 

does not affect reinstatement (Mahler et al., 2014; McGlinchey and Aston-Jones, 2018) 458 

or other motivated behaviors (Gallo et al., 2018).  459 

We used wild-type littermates for targeting the D1-SN pathway because SN neurons 460 

only respond to optical stimulation of D1-MSN terminals (Kupchik et al., 2015). However, 461 

retrograde labeling from SN reveals ~1% of NAcore neurons contain D2 receptor mRNA 462 

(Lu et al., 1998), which likely correspond to the ~1.6% of NAcore neurons that express 463 

both D1 and D2 receptors (Thibault et al., 2013; Kupchik et al., 2015). Thus, a very small 464 

number of MSN co-expressing D1/D2 receptors may innervate the ventral 465 

mesencephalon.  466 

Conclusions. Our results demonstrate that NAcore D1-MSN projections from the nucleus 467 

accumbens collateralize between the VP and SN, and that these projections differentially 468 

regulate cocaine seeking during cue-induced reinstatement. These findings contribute to 469 

our understanding of the connectivity in ventral basal ganglia circuits and set the stage 470 
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for further characterization of the roles these projections have relapse to drug seeking, 471 

and in regulated motivated behavior in general. 472 
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Figure Legends 475 

Figure 1. Examples of retrograde tracer localized to ventromedial NAcore D1-476 

MSNs. A, Graphical representation of the tracing experiment. Fluorogold was 477 

iontophoretically deposited into the VP and retrobeads were pressure injected into the 478 

ventral mesencephalon. B, Example of fluorogold deposit into the lateral VP (blue). 479 

Image was counterstained with substance P immunohistochemistry (red). ac = anterior 480 

commissure. Bar= 1 mm C, Example injection of retrobeads to the medial VTA (green 481 

spot next to fasciculus retroflexus; fr). Image counterstained with tyrosine hydroxylase 482 

stain to delineate the VP and SNpc. Bar= 1 mm D, Nucleus accumbens section 483 

containing D1-MSN that express the fluorescent reporter tdTomato and the retrograde 484 

tracers fluorogold and retrobeads.  Bar= 1 mm E, Higher magnification image taken from 485 

the nucleus accumbens shows co-localization of retrobeads (green), fluorogold (blue) 486 

and tdTomato (red) to the same neurons indicating substantial collateralization between 487 

the D1-MSN projections to the VP and VM. Bar= 50 μm Bar= 50 μm F, Individual 488 

fluorescent labels from the magnified image stack shown in E . G, Examples of high and 489 

low retrograde retrobead transport into D1-MSN projecting to the VP and VTA/SN. FG: 490 

Fluorogold; D1T: D1-tdTomato; RB: Retrobeads Bar= 10 μm H, Most collateralizing D1-491 

MSN contained a relatively low number of retrobead puncta, indicating sparse 492 

innervation of the VTA/SN. * p < 0.05 comparing NAcore bin 10 to all other bins. + p < 493 

0.05 comparing NAshell bin 10 to bin 20-25 and 35-45. n = 3 mice per group.    494 

 495 

Figure 2. Nucleus accumbens D1-MSN collateralize extensively between the VP 496 

and VTA/SN A, Schematic overview of the tracing experiment conducted in D1-497 

tdTomato mice. Fluorogold was deposited in the medial or lateral VP, and retrobeads 498 

were either pressure  injected into the VTA or into the medial SN. B,E Equal numbers of 499 

FG and retrobead retrogradely labeled neurons were found within the NAcore (B) and 500 

NAshell (E). C, Breakdown of the percentage of collateralizing neurons in the ventral 501 

pallidal and SN projection from the NAcore D, NAcore and NAshell contain equal 502 

proportions of collateralizing neurons F, Relative proportions of collateralizing neurons in 503 

the ventral pallidal and VTA pathways from the NAshell. Numbers represent total 504 

number of cells (and animals). 505 

 506 
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Figure 3.  Nucleus accumbens MSN collateralize more extensively than dorsolateral 507 

striatum MSN. A, Schematic overview of the tracing experiment conducted in wild-type 508 

mice. Fluorogold was deposited in the VP or GP, and retrobeads were either pressure  509 

injected into the VTA or into the lateral SN. B, Fluorogold deposit in the GP. C, 510 

Retrobead injection in the lateral SN. D, Retrogradely labeled dorsolateral striatum 511 

neurons containing retrobeads and/or fluorogold. Neurons were counterstained using 512 

NeuN. Bar= 10 μm E, H Equal numbers of retrogradely labeled neurons containing 513 

retrobeads or fluorogold in both the dorsolateral striatum (E) and the nucleus accumbens 514 

(H). F, Breakdown of the percentage of collateralizing neurons in the globus pallidus and 515 

SN projections from the dorsolateral striatum G, Nucleus accumbens neurons 516 

collateralize significantly more as evidenced by a larger percentage of double labeled 517 

neurons. * p < 0.001, Student’s t-test H, Relative proportions of collateralizing neurons in 518 

the ventral pallidal and VTA/SN pathways from the nucleus accumbens. Numbers 519 

represent total number of cells (and animals). 520 

 521 

Figure 4.  NAcore D1-MSN negatively regulate cue-induced reinstatement of cocaine 522 

seeking. A, Micrograph showing NAcore D1-MSN infected with Gi-DREADD. Image 523 

counterstained with Nissl stain (Cresyl Violet). B, Self-administration and extinction of 524 

rats (n shown in bar). C, Inhibiting D1-MSN with systemic CNO (10 mg/kg, ip) 525 

significantly reduced cue-induced cocaine seeking. D, Inhibiting D1-MSN did not affect 526 

cocaine-primed reinstatement of drug seeking (n shown in bar). * p < 0.05 comparing 527 

vehicle and CNO treated rats. + p < 0.05 comparing reinstatement to extinction. 528 

 529 

Figure 5.   NAcore D1-VP projections negatively regulate cue-induced reinstatement of 530 

cocaine seeking. A, Micrograph showing cannula tip and needle tract in the terminal field 531 

of the D1-VP projection. Insert: High magnification micrograph showing terminal field 532 

and needle tip location. B, Self-administration and extinction of rats infected with Gi-533 

DREADD in D1-MSN and implanted with guide cannulae above the VP. C, Inhibiting D1-534 

VP with CNO microinjected in the VP (0.5 nmol/500 nl//side) significantly reduced cue-535 

induced cocaine seeking. D, Inhibiting D1-VP projections did not affect cocaine-primed 536 

reinstatement of drug seeking. * p < 0.05 comparing vehicle (aCSF) and CNO treated 537 

rats. + p < 0.05 comparing reinstatement to extinction. 538 
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 539 

Figure 6.  NAcore D1-MSN projections to the SN do not affect cue-induced or cocaine 540 

primed reinstatement of cocaine seeking. A, Micrograph showing cannula and micro 541 

injector needle tract into the terminal field of NAcore D1-MSN in the ventromedial SN. 542 

Insert: High magnification micrograph of terminal field and needle location. B, Self 543 

administration and extinction of rats infected with Gi-DREADD in D1-MSN and implanted 544 

with cannula targeting the SN (n shown in bar). C, Inhibiting D1-SN projections with 545 

intracranial microinjections of CNO (0.5 nmol/500 nl/side) did not affect cue-induced 546 

reinstatement of cocaine seeking. D, Inhibiting D1-SN projections did not affect cocaine-547 

primed reinstatement of drug seeking (n shown in bar). + p < 0.05 comparing 548 

reinstatement to extinction.  549 

 550 

Figure 7.  Location of needle tips in the ventral pallidum and substantia nigra for 551 

intracranial microinjection experiments.  552 

  553 
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