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Abstract

The ventral tegmental area (VTA) is a heterogeneous midbrain structure that contains dopamine 

(DA), GABA and glutamate neurons that project to many different brain regions. Here we 

combined retrograde tracing with immunocytochemistry against tyrosine hydroxylase (TH) or 

glutamate decarboxylase (GAD) to systematically compare the proportion of dopaminergic and 

GABAergic VTA projections to ten target nuclei; anterior cingulate, prelimbic, and infralimbic 

cortex; nucleus accumbens core, medial shell, and lateral shell; anterior and posterior basolateral 

amygdala; ventral pallidum; and periaqueductal gray. Overall, the non-dopaminergic component 

predominated VTA efferents, accounting for more than 50% of all projecting neurons to each 

region except the nucleus accumbens core. Additionally, GABA neurons contributed no more than 

20% to each projection, with the exception of the projection to the ventrolateral periaqueductal 

gray, where the GABAergic contribution approached 50%. Therefore, there is likely a significant 

glutamatergic component to many of the VTA’s projections. We also found that VTA cell bodies 

retrogradely labeled from the various target brain regions had distinct distribution patterns within 

the VTA, including in the locations of DA and GABA neurons. Despite this patterned 

organization, VTA neurons comprising these different projections were intermingled and never 

limited to any one sub-region. These anatomical results are consistent with the idea that VTA 

neurons participate in multiple distinct, parallel circuits that differentially contribute to motivation 

and reward. While attention has largely focused on VTA DA neurons, a better understanding of 

VTA sub-populations, especially the contribution of non-DA neurons to projections, will be 

critical for future work.
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We combined retrograde tracing with immunocytochemistry to compare the proportion of 

dopaminergic and GABAergic ventral tegmental area (VTA) neurons by projection, and 

characterized their topographical distribution within the VTA. In almost all cases, dopaminergic 

projections made up less than 50% of the overall projection to each target nuclei.
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INTRODUCTION

The VTA is critically involved in the neural processes that underlie motivation and reward 

(Fields, Hjelmstad, Margolis, & Nicola, 2007; Morales & Margolis, 2017; Wise & Rompre, 

1989). For example, stimulation of VTA dopamine (DA) neurons can produce positive 

reinforcement and conditioned place preference (Adamantidis et al., 2011; Ilango et al., 

2014; Steinberg et al., 2014; Tsai et al., 2009). In addition, blocking glutamatergic drive onto 

VTA neurons is sufficient to prevent the rewarding effects of systemically administrated 

drugs of abuse such as morphine and cocaine (Harris & Aston-Jones, 2003; Harris, Wimmer, 

Byrne, & Aston-Jones, 2004). Both these lines of evidence indicate that the firing of VTA 

neurons produces positive reinforcement.

However, while the VTA is thought of as a primarily dopaminergic region, almost half of its 

constituent neurons are not dopaminergic (Margolis, Lock, Hjelmstad, & Fields, 2006; Root 

et al., 2016; Swanson, 1982; Yamaguchi, Wang, Li, Ng, & Morales, 2011) and DA neurons 

are actually in the minority in most VTA projections (Swanson, 1982). While there is 

evidence for local GABAergic connections (Johnson & North, 1992; Omelchenko & Sesack, 

2009; Van Zessen, Phillips, Budygin, & Stuber, 2012), GABA, as well as glutamate, VTA 

projection neurons are clearly more common than initially hypothesized, and these neurons 

are sufficient to drive behavior independently from DA (Carr & Sesack, 2000; Gorelova, 

Mulholland, Chandler, & Seamans, 2012; Yamaguchi et al., 2011; for a review see Morales 

& Margolis, 2017). For instance, VTA GABA neurons fire in response to aversive stimuli 

and cues predicting a subsequent reward (Cohen, Haesler, Vong, Lowell, & Uchida, 2012; 

Tan et al., 2012). The fact that DA neurons fire in response to the same reward predicting 

cues is inconsistent with cue responsive GABA neurons being local interneurons, raising the 

possibility that they are actually projection neurons. Furthermore, stimulating GABA 
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projections from the VTA to the nucleus accumbens (NAc) enhances associative learning 

(Brown et al., 2012). The sheer number of non-DA VTA projection neurons and the prima 

facie evidence for their role in behavior independent of DA neurons, calls for more careful 

characterization of these subpopulations.

Rather than being a homogeneous population, the VTA contains multiple sub-regions: the 

parabrachial pigmented area (PBP), paranigral nucleus (PN), and the midline interfascicular 

nucleus, and rostral and caudal linear nuclei. Distinct subsets of VTA neurons also project to 

different target structures, with little axon collateralization (Lammel, Lim, & Malenka, 

2014; Margolis, Lock, Hjelmstad, et al., 2006; Swanson, 1982). For example, there are 

diverse VTA projections to the anterior cingulate cortex (ACC), medial prefrontal cortex 

(mPFC), nucleus accumbens (NAc), ventral pallidum (VP), basolateral amygdala (BLA), 

and ventrolateral periaqueductal gray (vlPAG) (Carr & Sesack, 2000; Fallon, Schmued, 

Wang, Miller, & Banales, 1984; Fields et al., 2007; Margolis, Lock, Chefer, et al., 2006; 

Pierce & Kumaresan, 2006; Swanson, 1982). Although tracing studies have been done for 

many of these projections individually, here we have examined the projections to each of 

these nuclei in parallel, and quantified not only DA but also GABA contributions. A number 

of prior studies describe the distribution of axon fibers within target nuclei, which does not 

provide information about the distribution of cell bodies within the VTA (Beckstead, 

Domesick, & Nauta, 1979; Kirouac & Pittman, 2000). This information is important because 

there is evidence that there are differences in behavioral contributions of the VTA along the 

anterior-posterior (AP) and medial-lateral (ML) axes (Beier et al., 2015; Ikemoto, 2007; 

Lammel et al., 2012; Taylor et al., 2014; reviewed in Barrot 2014).

Here we systematically investigated two aspects of the topography of VTA projection 

neurons. First, we quantified the distribution of the cell bodies within the VTA that 

contribute to each investigated projection. Second, we determined the proportion of those 

neurons that expressed either tyrosine hydroxylase (TH), the rate-limiting enzyme of DA 

production, or the 67 kDa isoform of glutamate decarboxylase (GAD), the enzyme that 

converts glutamate to GABA. We defined the VTA as the entire region overlapping with the 

A10 cell group, and to facilitate comparisons to AP and ML behavioral differences, we 

specifically examined projections in three distinct VTA regions of interest in horizontal brain 

slices: posterior lateral, anterior lateral and medial VTA, at multiple dorsal ventral (DV) 

levels. Consistent with prior reports, the neurons comprising different projections are 

concentrated in particular sub-regions of the VTA, yet even within these sub-regions, the 

proportions of dopaminergic and GABAergic neurons contributing to each projection varied 

widely. Interestingly, we also found novel differences in the VTA projections to adjacent 

target regions that have not been discriminated in prior studies, such as the anterior and 

posterior BLA, and between sub-regions of the mPFC. Together, these data show distinct 

patterns of projection neuron distributions and their phenotypes arising from the VTA.

MATERIALS AND METHODS

All experimental procedures conformed to National Institutes of Health, UCSF and Ernest 

Gallo Clinic and Research Center animal care policy standards, and were approved in 
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advance by the University of California, San Francisco and Ernest Gallo Clinic Institutional 

Animal Care and Use Committees.

Injection of tracer

Most experiments were completed in male Sprague Dawley rats (n = 80 Harlan), weighing 

275-375g. In a small subset of experiments, younger animals weighing 80 - 100g (n = 10 

Harlan) were used; we previously demonstrated physiological properties, including those 

that sort with projection target, of VTA neurons in rats of this age are not different from 

observations in adult rats. (Margolis, Mitchell, Ishikawa, Hjelmstad, & Fields, 2008). 

Therefore all animals were analyzed together. Rats were anesthetized with isoflurane and 

mounted onto a stereotaxic frame (Model 900 stereotaxic frame, David Kopf Instruments, 

USA). The skull was exposed and a craniotomy was performed unilaterally above the 

stereotaxic coordinates of one of the projection nuclei of the VTA (schematic in Figure 1a). 

No obvious hemispheric differences were detected, so all data for a specific nucleus were 

pooled. For animals undergoing protocol A (Table 1), a stainless steel 26 gauge guide 

cannula (C315GS-4/SPC, Plastics One Inc.) was then lowered to the chosen stereotaxic 

coordinates. A stainless steel 33 gauge injection cannula (C315FDS-4/SPC, Plastics One 

Inc.), connected by tubing to a 1 ml Hamilton syringe, was front-filled with retrograde 

tracer, Neuro-DiI (7% in EtOH; Biotium), and then attached to an infusion pump. The 

injection cannula was inserted into the guide cannula, and 0.3 μl of Neuro-DiI was injected 

at a rate of 0.1 μl/min. For animals undergoing protocol B, a nanoliter injector (Nanoject II, 

Drummond Scientific Co.) was prepared with a glass capillary injector tip front-filled with 

Neuro-DiI. The glass injector tip was lowered to the chosen stereotaxic coordinates, and 

then 70-100 nl of Neuro DiI was injected at a rate of 18-20 nl/15 seconds (72-80 nl/min) 

(Table 1). Surgical coordinates for all tracer injections are reported in Table 2.

Perfusion and histology

At least seven days (and no more than 14 days) after the surgery, rats were deeply 

anesthetized with sodium pentobarbital 200 mg/kg (Euthasol®, Vibrac AH Inc.), and 

transcardially perfused with saline solution, followed by either 10% buffered formalin 

(245-684, Fisher Scientific) or fresh 4% paraformaldehyde. Brains were removed, and post-

fixed for a minimum of two and maximum of four hours in either 10% formalin or 4% 

paraformaldehyde (protocol A or B, respectively).

Coronal brain slices (50 μm) containing the injection region were cut using a Vibratome 

(Leica VT1000S), with the exception of the vlPAG, where horizontal sections were cut due 

to proximity to the VTA. Alternating slices were stained with cresyl violet in order to better 

visualize brain structures, while unstained slices provided a better visualization of DiI 

spread. All slices containing DiI were then mounted on glass slides, cover-slipped 

(Vectashield H-1000, Vector Laboratories Inc.), and imaged using a stereomicroscope (Zeiss 

Stemi 2000-C). Injections were considered on target if the densest area of dye fell within the 

target brain region with little to no (less than 5%) spread into neighboring regions (Figure 1a 

and see panels a and b in Figures 3-12). Animals that were off target were not included in 

the analysis.
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If the injection was on target, horizontal brain slices (50 μm) containing the VTA were cut 

using a Vibratome (Leica VT1000S). VTA slices spanning the dorsal to ventral extent of the 

VTA (approximately 7.60 mm to 8.42 mm ventral from skull surface according to Paxinos & 

Watson, 1998) were immunocytochemically processed for either TH or GAD (Figure 1b-e). 

Every second slice was processed, and among these, labeling was alternated between TH 

and GAD. In each animal, the initial, most ventral VTA slice was chosen by the geometry of 

the interpeduncular fossa (IPF) (approximately 8.60 mm to 8.42 mm ventral to bregma; 

Figure 1e). Slices were considered dorsal to the VTA when there were no TH(+) cell bodies 

detected in either of the lateral counting regions. This approach yielded approximately 4 

slices per antibody treatment per animal.

Immunocytochemistry

Immunofluorescence was used to detect TH, the rate-limiting enzyme in the production of 

DA, or the 67 kDa isoform of GAD, the enzyme that converts glutamate into GABA. All 

immunocytochemical reactions were performed on free-floating sections. Antibodies were 

diluted in 0.1M PBS (pH 7.4). Sections were incubated for 2 hr in 5% normal goat serum 

(5% in 0.1 M PBS; S-1000, Vector Laboratories Inc.), then incubated overnight at 4°C in 

either rabbit anti-TH 1:200 (EMD Millipore Cat# AB152, RRID: AB_390204) or mouse 

anti-GAD67, clone 1G10.2 1:200 (EMD Millipore Cat# MAB5406, RRID: AB_2278725) 

(Table 3a). For a subset of sections, tissue was maintained in primary antibody at room 

temperature for the first two hours of the anti-GAD67 incubation. Following rinses in PBS 

(6 × 10 min), sections were incubated for two hours in secondary antibody (Table 3b), either 

Fluorescein (FITC)-conjugated goat antirabbit 1:500 (111-095-03, Jackson 

ImmunoResearch Labs Inc.), or biotinylated goat anti-mouse 1:500 (BA-9200, Vector 

Laboratories), followed by FITC-conjugated Avidin D (SP-2040, Vector Laboratories). 

Sections were then rinsed in PBS (6 × 10 min), mounted on glass slides, and cover-slipped 

(Vectashield H-1000, Vector Laboratories Inc.).

Antibody characterization

We have used this polyclonal rabbit anti-TH antibody to immunolabel DA neurons in the 

VTA previously (Berthet et al., 2014; Hjelmstad, Xia, Margolis, & Fields, 2013; Margolis, 

Coker, Driscoll, Lemaître, & Fields, 2010; Margolis, Toy, Himmels, Morales, & Fields, 

2012). It has also been characterized in the VTA of zebra finches (Gale, Person, & Perkel, 

2008). This antibody detects a single band of 62 kDa on Western blots in most species, 

which corresponds to TH (manufacturer's technical information). The immunolabeling 

pattern of this antibody within the VTA here (Figure 1d and e) was very similar to that in 

another study in which VTA DA neurons in the Wistar rat were immunolabeled with the 

same antibody (Yang et al., 2009). This antibody appears in the Journal of Comparative 

Neurology Antibody Database.

We have used this monoclonal mouse anti-GAD67 antibody to immunolabel GABA neurons 

in the VTA in prior studies (Margolis, Lock, Chefer, et al., 2006; Margolis et al., 2012; 

Margolis, Lock, Hjelmstad, et al., 2006). This mouse antibody against GAD has been shown 

to react with the 67 kDa isoform of GAD from rat, mouse, and human (manufacturer's 

technical information). It displayed no detectable cross reactivity with the 65 kDa isoform of 
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GAD on Western blots of rat brain lysate compared to antibody AB1511 (Chemicon) that 

reacts with bGAD65 and GAD67 (Biancardi, Campos, & Stern, 2010). This antibody 

appears in the Journal of Comparative Neurology Antibody Database.

Microscopic imaging and cell counting

Immunostained sections were examined and images for analysis were obtained using a 

confocal microscope (Zeiss LSM510 META; LSM Image Browser, Zeiss) or a widefield 

fluorescence microscope (Zeiss Axioskop 2; Neurolucida, MBF Bioscience) (Table 1). 

Images for figures were obtained on a Nikon confocal microscope (Nikon Ti, Micro-

Manager). Example images of horizontal slices immunocytochemically labeled for TH are 

provided in Figure 1e. For cell counting, we placed three sampling windows within the VTA 

per hemisphere and counted on both ipsilateral and contralateral sides. Specifically, one 

sampling window was in the anterior lateral VTA (AL), one in the posterior lateral VTA 

(PL), and one in the medial VTA (M) (Figure 1c and d). Each counting window was 368 × 

368 μm. The medial terminal nucleus of the accessory optic tract (MT) and the IPF were 

used as landmarks to consistently localize counting regions across slices and animals. 

Specifically, the AL and PL sampling windows were placed by dividing the MT in half and 

placing the non-overlapping, non-adjacent sampling windows anterior and posterior to that 

split, within the VTA. The medial sampling window was placed adjacent to the midline at 

the AP level of the MT. In more ventral slices where the fossa was large and overlapped with 

this location, the medial window was placed just anterior to the fossa. Counting of DiI(+) 

cells and quantification of co-localization with TH(+) or GAD(+) was manually completed 

in ImageJ (NIH, https://imagej.net, RRID: SCR_003070). A subset of animals was blind 

counted by two or more experimenters in order to ensure that cell counting was consistent 

across observers.

Cells were considered DiI(+) if there was punctate labeling in the red channel distributed 

throughout the soma and very proximal dendrites that was higher than background 

fluorescence, sufficient to readily detect neuronal shape, and if this pattern was absent in the 

FITC fluorescent channel. To estimate the contribution of each counting window to the 

overall projection, the percentage of DiI was calculated as the number of DiI(+) cells in that 

window divided by the total number of DiI(+) cells for that animal. To determine the 

percentage of VTA DA or GABA neurons that project to a specific brain region, we counted 

the number of DiI(+) neurons within each sampling window, and determined the proportion 

of those cells that were co-labeled for either TH or GAD. Co-labeling data are presented as 

overall percent for each target region in Figure 2 (e.g. (Total DiI(+)&TH(+))/(Total DiI(+))) 

as well as percent co-labeled within a given window (e.g. Figure 3e and Figure 3g). All 

results are presented as mean ± S.E.M.

RESULTS

We labeled VTA projections with the retrograde transport of the tracer DiI, a lipophilic label 

that is passively incorporated into the plasma membrane of cells, and then quantified the 

distribution of labeled neurons within the VTA. Furthermore, we quantified the co-

localization of immunocytochemical labeling for TH or GAD in DiI(+) neurons as markers 
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for DA and GABA neurons, respectively. We investigated VTA projections to anterior 

cingulate cortex (ACC), prelimbic cortex (PrL), infralimbic cortex (IL), nucleus accumbens 

core (NAcC), nucleus accumbens medial shell (NAcMs), nucleus accumbens lateral shell 

(NAcLs), ventral pallidum (VP), anterior basolateral amygdala (ABLA), posterior 

basolateral amygdala (PBLA), and the ventrolateral periaqueductal gray (vlPAG) (Figure 1a, 

Table 2). We completed analysis of 3-12 animals per projection (average five animals). All 

injections were unilateral into either the left or right hemisphere; data were grouped together 

as we observed no hemispheric differences. We counted labeled neurons within six sampling 

windows (three ipsilateral, three contralateral) in each analyzed horizontal slice through the 

dorsal-ventral (DV) axis of the VTA (Figure 1d). We made horizontal sections as they 

facilitate direct comparison of medial, anterior lateral and posterior lateral regions. While 

raw cell counts are highly dependent upon injection volume, tracer diffusion, and anatomy 

of injection site, the highest overall cell counts were seen in VTA projections to the VP (110 

± 14 cells ipsi, 20 ± 9 cells contra) and ACC (99 ± 19 ipsi, 50 ± 5 contra, on average). The 

projections from the VTA to the NAc sub-regions and to the vlPAG also had the next highest 

counts, with 60-75 cells in the ipsilateral projection, on average (NAcC: 67 ± 8 cells ipsi, 7 

± 3 cells contra; NAcMs: 75 ± 18 cells ipsi, 16 ± 7 cells contra; NAcLs: 60 ± 16 cells ipsi, 2 

± 1 cells contra; vlPAG: 66 ± 18 cells ipsi, 49 ± 14 cells contra). In contrast, the sparsest 

overall counts were in VTA projections to the PrL (31 ± 5 ipsi, 6 ± 1 contra) and IL (26 ± 4 

ipsi, 3 ± 1 contra). Cell counts to the ABLA and PBLA fell in the middle of the range 

(ABLA: 46 ± 8 cells ipsi, 7 ± 3 cells contra; PBLA: 55 ± 5 cells ipsi, 14 ± 2 cells contra). 

Sparser projections, especially contralateral projections, produced some variability in the 

quantification of TH and GAD co-localization in some cases.

Cortical projections

The medial walls of the rodent frontal cortex are involved in emotional and reward related 

behaviors (Etkin, Egner, & Kalisch, 2011; Tzschentke, 2000). This region consists of the 

anterior cingulate cortex and the medial prefrontal cortex (mPFC). Previous studies of VTA 

projections have not differentiated PrL and IL within the mPFC (Carr & Sesack, 2000; 

Chandler, Lamperski, & Waterhouse, 2013; Deutch et al., 1991; James H. Fallon et al., 1984; 

Seroogy, Dangaran, Lim, Haycock, & Fallon, 1989), but since the PrL and IL have different 

projection targets and are implicated in different aspects of fear expression and drug seeking 

behavior (Gourley & Taylor, 2016; Moorman, James, McGlinchey, & Aston-Jones, 2015; 

Peters, LaLumiere, & Kalivas, 2008; Vidal-Gonzalez, Vidal-Gonzalez, Rauch, & Quirk, 

2006), we investigated differences between them here.

Anterior cingulate cortex

Ipsilateral projections from the VTA to the ACC were modestly denser than contralateral 

projections: 68 ± 2% of DiI labeled VTA cell bodies were ipsilateral to the injection site 

(Figure 2a, Figure 3c). DiI(+) cells were relatively evenly distributed across counting 

windows within the ipsilateral or contralateral sides (Figure 3c). For both ipsilateral and 

contralateral connections, 23 ± 4% of ACC-projecting VTA neurons were co-localized with 

TH labeling (Figure 2c,e); the highest percentages of DiI(+)-TH(+) neurons were localized 

in the dorsal lateral regions (Figure 3d,e). Among contralateral projections, ACC-projecting 

neurons in the posterior-lateral VTA had a greater percentage of TH co-labeling (32 ± 4%) 
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with lower colabeling rates in the anterior-lateral and medial regions (13 ± 5% and 10 ± 2% 

respectively) (Figure 3e). Interestingly, many of the contralateral ACC-projecting VTA 

neurons were colocalized with GAD (41 ± 15%) compared to the ipsilateral projection (22 

± 6%) (Figure 2c,e). For both ipsilateral and contralateral ACC-projecting VTA neurons, the 

DiI co-localization with GAD was markedly enriched in the more dorsal slices compared to 

ventral slices, where little co-localization was detected (Figure 3f,g).

Prelimbic cortex

In contrast to ACC-projecting VTA neurons, projections from the VTA to the PrL were 

largely ipsilateral (82 ± 3%, Figure 2a, Figure 4c). Throughout the DV extent of the VTA, 

more DiI labeled cell bodies were located in midline regions, both ipsilateral and 

contralateral to the injection site. Looking at the distribution along the DV axis, a greater 

number of PrL-projecting neurons were located in the ventral VTA (Figure 4c). A similar 

percentage of ipsilateral and contralateral PrL-projecting neurons were co-localized with TH 

(38 ± 6% ipsi and 39 ± 13% contra) (Figure 2c,d,e). Not only were PrL-projecting neurons 

most numerous in midline structures, co-localization with TH was also highest here, 

especially at the mid-dorsal level. In fact, on the contralateral side, the only PrL-projecting 

TH(+) neurons detected were along the midline (Figure 4e). Overall, a much lower 

percentage of PrL-projecting cells were co-localized with GAD (12 ± 5% ipsi and 19 ± 10% 

contra) compared to ACC-projecting VTA neurons (Figure 2c,e,f). The percentage of 

GAD(+) PrL-projecting neurons was slightly higher in midline VTA regions, especially in 

the contralateral ventral VTA (Figure 4g).

Infralimbic cortex

Projections from the VTA to the IL were mostly unilateral, with 89 ± 3% of DiI labeled cells 

located ipsilateral to the injection site (Figure 2a, Figure 5c). The densest grouping of DiI(+) 

neurons was the medial VTA. In contrast to the PrL projection, a greater percentage of IL-

projecting neurons were located in the more dorsal VTA compared to the ventral VTA 

(Figure 4c, 5c). A similar percentage of ipsilateral and contralateral IL-projecting cells were 

co-localized with TH (40 ± 7% ipsi, 37 ± 17% contra) (Figure 2c,d,e). Interestingly, the 

percentage of ipsilateral IL-projecting TH(+) neurons was highest in posterior lateral regions 

(62 ± 6%), distributed fairly evenly across the DV axis. On the contralateral side, TH(+) IL-

projecting cells were located exclusively in the medial VTA, but evenly distributed across 

the DV slices. (Figure 5e). Only seven percent of all IL-projecting neurons were co-localized 

with GAD (Figure 2c,e,f). There was a uniquely high proportion of ipsilateral GAD(+) IL-

projecting neurons in the posterior lateral VTA, in the mid-ventral slice, where little to no 

co-localization was detected in any other sampling region (Figure 5g).

Nucleus Accumbens

Within the NAc, the core and shell are neuroanatomically distinct regions (Deutch & 

Cameron, 1992; Zahm, 1998) that play different roles in motivated and reward related 

behavior (Bassareo, Cucca, Frau, & Di Chiara, 2015; Floresco, Montes, Tse, & van Holstein, 

2018; Ito, Robbins, & Everitt, 2004). In addition, differences have previously been found in 

the mouse with respect to the distribution of VTA projections to the medial and lateral NAc 

shell, with medial VTA neurons projecting preferentially to the medial shell and lateral VTA 
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neurons projecting to lateral shell (Lammel et al., 2008). These sub-regions of the NAc shell 

may also play distinct roles in reward related behavior and hedonic impact (Lammel et al., 

2012; Pecina & Berridge, 2005). Thus, we examined VTA projections to each region 

separately.

No staining for GAD was done for projections to the NAc sub-regions, as based on prior 

work in our lab and others, we expect the majority of the non-DA neurons to be GABAergic 

(Margolis, Lock, Chefer, et al., 2006; Van Bockstaele & Pickel, 1995; Yamaguchi et al., 

2011). When we previously quantified TH and GAD contributions to the NAc projection 

with a similar counting approach for larger injections that included the NAc medial shell and 

core, the sum of TH(+) (66 ± 10%) and GAD(+) (25 ± 5%) neurons accounted for the vast 

majority of the total projection (Margolis, Lock, Chefer, et al., 2006). There is a sparse 

glutamatergic projection that likely accounts for that remaining <10%, and arises mostly 

from the medial VTA (Yamaguchi et al., 2011). Thus, in the current study, we infer that most 

non-DA neurons are GABAergic in the lateral VTA, where non-DA neurons in the medial 

VTA may be either GABAergic or glutamatergic.

Nucleus Accumbens Core

Projections from the VTA to the NAcC were highly unilateral, with 92 ± 3% of DiI labeled 

cells located ipsilateral to the injection site (Figure 2b, Figure 6c). The highest density of 

this projection was located in the lateral regions of the middle slices along the DV axis 

(Figure 6c). NAcC-projecting cells showed the highest percentage of co-localization with 

TH of any brain region in this study (64 ± 12% ipsi, 67 ± 21% contra) (Figure 2d,f). In the 

ipsilateral VTA, high percentages of TH(+) projection neurons were observed across many 

of the sampling windows and DV slices, except in the ventral medial VTA. On the 

contralateral side, TH(+) NAcC-projecting cells appear slightly enriched in medial regions 

(66 ± 6%) across the DV axis, while among lateral sampling regions a TH(+) contribution 

was only observed in the dorsal half of the VTA (Figure 6d,e).

Nucleus Accumbens Medial Shell

Most retrogradely labeled NAcMs-projecting VTA neurons were located ipsilateral to the 

injection site (83 ± 5%) (Figure 2b, Figure 7c). The majority of this projection was located 

in the mid to ventral VTA, but retrogradely labeled neurons were relatively evenly 

distributed within sampling windows of each DV plane examined; this projection was 

markedly sparse in the most dorsal slice of the VTA (Figure 7c). Of note, we did not observe 

a large population of NAcMs projecting neurons in the ventral posterior VTA just lateral to 

the interpeduncular nucleus, which others have previously reported (Ikemoto, 2007; Lammel 

et al., 2008). Forty-two ± 18% of all ipsilateral and 30 ± 15% of all contralateral NAcMs-

projecting neurons were co-localized with TH (Figure 2d,f). The percentage of ipsilateral 

NAcMs-projecting TH(+) cells was distributed fairly evenly across the sampling windows 

throughout the VTA. On the contralateral side, TH(+) NAcMs-projecting neurons were 

somewhat enriched in the medial VTA (28 ± 3%), similar to NAcC projections (Figure 

7d,e).
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Nucleus Accumbens Lateral Shell

Projections from the VTA to the NAcLs were almost entirely unilateral, with 96 ± 1% of DiI 

labeled cells located ipsilateral to the injection site (Figure 2b, Figure 8c). Projection 

neurons were most dense in the lateral VTA regions, especially in the middle slices of the 

DV axis (Figure 8c). Similar to findings in the NAcMs projection, approximately 49 ± 2% of 

all ipsilateral NAcLs-projecting VTA neurons were TH(+). In contrast, only 11 ± 11% of the 

small number of contralateral projections were TH(+) (Figure 2d,f). On the ipsilateral side, 

the highest percentage of TH(+) neurons was localized in the lateral regions in the mid-

ventral VTA (Figure 8d,e).

Ventral pallidum

The VP plays a significant role in driving motivated behaviors (Hubner & Koob, 1990; 

Richard, Ambroggi, Janak, & Fields, 2016; Smith, Tindell, Aldridge, & Berridge, 2009). 

The VP is made up of unique sub-regions such as the ventromedial and dorsolateral VP; 

these regions were too small to differentiate via retrograde tracing approaches (Root, 

Melendez, Zaborszky, & Napier, 2015). While the VP is generally thought of as an output 

pathway of the NAc with projections back to the VTA, there is also evidence that the VP 

receives input from the VTA (Klitenick, Eutch, Churchill, & Kalivas, 1992).

Ipsilateral projections from the VTA to the VP were much denser than contralateral 

projections (81 ± 4% ipsi) (Figure 2a, Figure 9c). The density of DiI filled cells was not 

notably different between the three sampling windows or across the DV axis (Figure 9c). A 

higher proportion of ipsilateral VP-projecting VTA neurons were co-labeled with TH (39 

± 7%) compared to the contralateral projection (17 ± 5%) (Figure 2c,d,e). On the ipsilateral 

side, the percentage of TH(+) was slightly higher in the lateral VTA compared to medial 

regions throughout the DV extent. On the contralateral side, VP-projecting TH(+) neurons 

were also located mostly in the lateral regions. These contralateral projections arose mostly 

from the dorsal VTA (Figure 9e). The percentage of VP-projecting VTA neurons co-

localized with GAD was twice as high on the ipsilateral compared to the contralateral side 

(19 ± 4% ipsi, 8 ± 4% contra) (Figure 2c,e,f). The average proportion of ipsilateral GAD(+) 

projection cells was similar across the sample regions within a given horizontal plane, 

though interestingly, higher percentages of GAD(+) cells were found in dorsal compared to 

ventral VTA slices. This pattern also held on the contralateral side (Figure 9g).

Basolateral Amygdala

We examined projections of the VTA to different sub-regions of the BLA, the anterior and 

posterior BLA (ABLA and PBLA, respectively), as these two regions may play different 

roles in reward related behavior and send distinct outputs to sub-regions of the mPFC and 

NAc (Kantak, Black, Valencia, Green-Jordan, & Eichenbaum, 2002; Kim, Pignatelli, Xu, 

Itohara, & Tonegawa, 2016; McLaughlin & Floresco, 2007; Wright, Beijer, & Groenewegen, 

1996).

Anterior Basolateral Amygdala

Projections from the VTA to the ABLA were mostly unilateral, with 87 ± 5% of DiI labeled 

cells located ipsilateral to the injection site (Figure 2a, Figure 10c). The density of ipsilateral 
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DiI projections was greatest in the anterior-lateral VTA, especially in the middle regions of 

the DV axis. The small contralateral projection from the VTA to the ABLA was greatest in 

the medial VTA (Figure 10c). Forty-seven ± 1% of all ipsilateral and 38 ± 31% of all 

contralateral ABLA projecting neurons were co-localized with TH, the variability on the 

contralateral side being driven by the small number of neurons contributing to that 

projection (Figure 2c,d,e). On the ipsilateral side, the highest percentages of TH(+) neurons 

were observed in the lateral regions, whilst on the contralateral side, TH(+) retrogradely 

labeled neurons were limited to medial ventral VTA (Figure 10e). Overall, a small 

percentage of ABLA-projecting neurons were co-localized with GAD (9 ± 3% ipsi, 11 

± 11% contra) (Figure 2c,e,f). On the ipsilateral side, GAD(+) cells were found almost 

exclusively in the posterior lateral regions in ventral VTA slices. On the contralateral side, 

GAD(+) projection neurons were also only located in lateral regions of the VTA (Figure 

10g).

Posterior Basolateral Amygdala

Projections from the VTA to the PBLA were mostly ipsilateral (81 ± 2%) (Figure 2a, Figure 

11c). The highest densities of projection neurons were located in the anterior lateral regions 

of the VTA, while the small contralateral projection was slightly greater in the medial VTA 

(Figure 11c). Similar to the ABLA projections, 45 ± 4% of all ipsilateral and 30 ± 8% of all 

contralateral PBLA-projecting VTA neurons were co-localized with TH (Figure 2c,d,e). The 

percentage of ipsilateral PBLA-projecting TH(+) cells was distributed fairly evenly across 

the sampling windows and across the DV axis. In the contralateral VTA, the highest 

percentage of TH(+) neurons was located in anterior-lateral regions (Figure 11e). 

Interestingly, VTA neurons projecting to the PBLA had a higher percentage of GAD(+) 

neurons (26 ± 7% ipsi, 21 ± 7% contra) compared to projections to the ABLA (9 ± 4% ipsi, 

11 ± 11% contra) (Figure 2c,e,f). These GAD(+) neurons were similarly distributed across 

all sample windows and across the DV axis (Figure 11g).

Ventrolateral Periaqueductal Gray

Although the vlPAG is classically thought of a region involved in the control of pain (Millan, 

2002), it has reciprocal connections with the VTA (Beitz, 1982; Omelchenko & Sesack, 

2010) and may be more generally involved in reward, especially in opioid mediated reward 

pathways (Flores, Galan-Rodriguez, Ramiro-Fuentes, & Fernandez-Espejo, 2006; Motta, 

Carobrez, & Canteras, 2017; Olmstead & Franklin, 1997).

Intriguingly, projections from the VTA to the vlPAG were only slightly denser on the 

ipsilateral than on the contralateral side (58 ± 1% ipsilateral) (Figure 2a, Figure 12c). The 

vlPAG had the strongest contralateral projection of all the brain regions in this study. 

Ipsilateral and contralateral vlPAG-projecting neurons were distributed fairly evenly across 

the sampling windows, and across the DV axis (Figure 12c). Interestingly, slightly more 

contralateral vlPAG-projecting VTA neurons were co-localized with TH (29 ± 5%) 

compared to the ipsilateral projection (16 ± 4%) (Figure 2c,d,e). Just as the numbers of 

DiI(+) cells were similar across all regions, the proportion of those projections that were co-

localized with TH was also relatively evenly distributed across the VTA regions and depths 

within the ipsilateral and contralateral sides. (Figure 12e). Of all the brain regions we 
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analyzed, VTA projections to the vlPAG had the highest percentage of co-labeling with 

GAD, approaching 50% (48 ± 6% ipsi, 49 ± 9% contra) (Figure 2c,e,f). A similar pattern 

was seen in both the ipsilateral and contralateral VTA: GAD(+) projection cells were 

enriched in lateral and absent in medial VTA in the most ventral slices, but more evenly 

distributed in the rest of the DV extent of the VTA (Figure 12g).

DISCUSSION

Here we systematically investigated the anatomical contributions and distributions of DA 

and GABA neurons within the VTA that project to ten different target nuclei. We described 

the location of these projection neurons within the different sub-regions of the VTA, adding 

more resolution than previously provided. Additionally, we described VTA projections to 

regions that have not been investigated separately in prior studies, such as to the anterior and 

posterior BLA. We found that these efferent projections of the VTA varied not only in their 

somatic locations within the VTA but also in their dopaminergic and GABAergic content. 

Looking broadly at the differences between projections to all of the target regions, we 

observed an unusually high rate of contralateral VTA projections to the vlPAG and ACC, 

while the NAcC and NAcLs had almost exclusively ipsilateral contributions (Figure 2a,b). 

We observed the greatest proportion of TH(+) neurons within the projection to the NAcC 

(Figure 2d,f) and the greatest proportion of GAD(+) neurons within the projections to the 

vlPAG and to the contralateral ACC (Figure 2c,e). The projection containing the smallest 

percentage of TH(+) somata was to the vlPAG while the smallest percentages of GAD(+) 

somata were observed in the ABLA and IL projections (Figure 2c,e). While distribution 

patterns were distinct between projections, each target region received inputs from neurons 

within every ipsilateral sampling region, indicating that intermingled VTA neurons can 

project to different targets. Also, sub-regions of the same target structure (i.e. ABLA vs. 

PBLA) and adjacent structures (i.e. PFC areas) receive inputs from different parts of the 

VTA with different neurotransmitter content. Together, our findings reveal a patterned but 

intermixed organization of the VTA.

Technical considerations

Several methodological points should be considered in the interpretation of our results. First, 

the very dorsal portions of the linear nuclei were not represented in our data due to the 

geometry of the VTA in the horizontal plane. This includes a small population of ventral, 

posterior VTA neurons as well as a dorsal, posterior group of DA neurons located right 

along the midline (Figure 1e). Overall however, this represents a minor proportion of all 

VTA/A10 neurons. Horizontal sections provided a better layout of the VTA for comparing 

projections across the ML and AP axes, which have been compared in a variety of 

behavioral studies (reviewed in Sanchez-Catalan, Kaufling, Georges, Veinante, & Barrot, 

2014 and Lammel et al., 2014, and see below). Horizontal slices of the VTA are also 

commonly used for ex vivo electrophysiology experiments, as many efferent and afferent 

projections of the VTA remain more intact when sectioned along the horizontal plane 

(Calabresi, Lacey, & North, 1989; Williams, North, Shefner, Nishi, & Egan, 1984). In the 

current study, a horizontal layout is not only informative for our anatomical analysis, but 

also allows us to more directly compare our results with VTA electrophysiology work.
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Another technical issue inherent in any experiment that relies on microinjection of a reagent 

is incomplete coverage of the target nucleus. In the present study, DiI injections were always 

smaller than the entire brain region of interest in order to prevent spread to neighboring 

regions. However, a small amount of dye would occasionally spread to an adjacent region; 

this was observed in several NAcMs injections that spread into the NAcC. Additionally, 

shapes of brain regions are often irregular (such as the VP). For both of these reasons, some 

portions of the projections may not be represented in our counts. That said, smaller 

injections targeting different parts of certain brain regions enabled us to detect differences 

between VTA projections to the ABLA and PBLA, and among the projections to the NAcC, 

NAcMs, and NAcLs. Furthermore, we adjusted the volumes of DiI injected in order to 

maximize coverage of the target nucleus and minimize spread outside that target. However, 

since injections and tracer uptake never capture an entire projection, we chose to normalize 

our data and do not draw strong conclusions from differences in absolute counts between 

projection target groups.

Lastly, there are inherent limitations of immunocytochemistry techniques that may have 

impacted our results. For example, there is always the possibility that protein levels were too 

low to be immunocytochemically detected in a subset of neurons, and therefore our 

percentages may be underestimates. This is an unlikely issue for TH detection, given reports 

of virtually complete overlap of TH immunocytochemistry with genetic reporters in the VTA 

(Margolis et al., 2010; Witten et al., 2011). On the other hand, there is a small subset of VTA 

neurons that express TH but not the vesicular monoamine transporter (VMAT2), making 

these neurons capable of synthesizing DA, but not packaging it into vesicles by the expected 

mechanism (Li, Qi, Yamaguchi, Wang, & Morales, 2013). Therefore, it is possible that a 

small portion of TH(+) neurons do not synaptically release DA, as has been observed in the 

VTA projection to the lateral habenula (Root et al., 2014). Somatic GAD labeling is less 

reliable, and may contribute to an underestimate of the GABAergic component of the 

projections studied here. Identifying GAD co-localization is also confounded by high signal 

in terminals, which hinders accurate counting by obscuring the difference between signal 

inside and outside the retrogradely labeled neurons. Therefore, undercounting GABA 

neurons may account for some of the “unidentified” DiI(+) neurons reported here. On the 

other hand, there are also many glutamate neurons in the VTA that likely contribute to these 

VTA projections (Gorelova et al., 2012; Hnasko, Hjelmstad, Fields, & Edwards, 2012; 

Morales & Root, 2014; Yamaguchi et al., 2011). Glutamate may also be utilized as a 

neurotransmitter in VTA neurons that express TH or GAD, meaning that some of the TH(+) 

or GAD(+) neurons we identified may also be glutamatergic (Morales & Root, 2014; Root et 

al., 2018; Stuber, Hnasko, Britt, Edwards, & Bonci, 2010; Tecuapetla et al., 2010). There is 

no existing immunocytochemical target for labeling VTA glutamatergic somata, as protein 

markers such as vesicular glutamate transporters are generally localized to terminals. 

Additionally, as of yet, there is no transgenic rat model to enable reporter expression 

selectively in glutamate neurons in the VTA. We hypothesize that the non-TH and non-GAD 

DiI filled cells in our study are primarily glutamatergic. Moreover, the percentages of DiI(+) 

neurons that were non-DA and non-GABA are consistent with prior glutamate studies in 

projections to the NAc and PFC (Gorelova et al., 2012; Yamaguchi et al., 2011). As tools 
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become available, future work should involve a similar characterization and quantification of 

glutamatergic projection neurons in the VTA.

Comparison with the literature

Comparison of methodologies—A variety of approaches have been used to map 

projections from the VTA to its target nuclei. In addition, rat and mouse anatomy may differ. 

For example, Taylor et al. (2014) analyzed VTA anatomy in the mouse and used a Cre-

dependent mouse line to identify GABAergic neurons rather than using 

immunocytochemistry. Here, we implemented a retrograde tracing methodology and 

primarily compare our results to other rat studies that used similar methods (Kirouac, Li, & 

Mabrouk, 2004; Klitenick, Eutch, Churchill, & Kalivas, 1992; Margolis, Lock, Chefer, et al., 

2006; Swanson, 1982; Yamaguchi et al., 2011). Anterograde-tracing methods do not allow 

for cell counting, but do map the relative density of terminal fibers in VTA target regions 

(Beckstead et al., 1979). While we did not systematically compare the overall numbers of 

VTA cells projecting to each region, we do see similar density patterns as prior reports. For 

example, using anterograde tracing, a dense projection to the VP and a sparse projection to 

the mPFC were previously reported (Beckstead et al., 1979; Taylor et al., 2014). 

Additionally, a dense bilateral projection to the vlPAG has been reported with anterograde 

methods (Beitz, 1982; Kirouac & Pittman, 2000). However, Aransay and colleagues (2015), 

using single axon anterograde tracing, reported higher rates of sparse collateralization of 

some VTA neurons. These neurons innervate not only the cerebral cortex but also basal 

forebrain regions such as the VP and amygdala. Additionally, several VTA neurons were 

found to innervate forebrain structures and collateralize to brainstem structures and the 

hypothalamus (Aransay, Rodríguez-López, García-Amado, Clascá, & Prensa, 2015). 

Importantly, in studies utilizing dual retrograde tracers, collateralization has been observed 

in only a very small proportion of VTA neurons (Fallon 1981; Loughlin & Fallon, 1984; 

Margolis, Lock, Chefer, et al., 2006; Swanson, 1982). Indeed, little collateralization has even 

been reported for projections to neighboring cortical areas (Chandler et al., 2013). While we 

report here that sub-regions of the VTA contribute to inputs to various projection targets, 

these data cannot be used to infer collateralization of individual VTA axons. Mapping input-

output relationships of VTA circuits is another approach to understanding VTA 

heterogeneity, and rabies mediated trans-synaptic tracing, in combination with anterograde 

and retrograde tracers, has been used towards this goal (Beier et al., 2015; Lammel et al., 

2012). For example, Beier et al (2015) found that VTA DA neurons that project to the 

medial or lateral NAc receive different inputs from various brain regions. More recently, 

genetic approaches have been used to visualize combinations of molecular markers such as 

Calbindin, Otx2, and Sox6, in order to identify patterns in VTA DA projection neurons. DA 

neurons projecting to adjacent regions such as the NAcC and NAcMs were found to have 

different expressions of molecular markers, consistent with these inputs arising from 

different VTA DA neurons (Poulin et al., 2018). It would be interesting to see if similar 

molecular heterogeneity is found in GABAergic VTA projections and if comparable patterns 

are observed in the rat. Overall, where there is data to compare, the patterns observed with 

these alternate techniques are consistent with our findings, indicating that in the VTA, cell 

body counts using retrograde tracing corresponds well with the existing anterograde 

literature.
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Comparison of dopaminergic projections—Where previous data exist, the proportion 

of DA neurons in each projection observed here is largely consistent with the literature in the 

rat (Kirouac et al., 2004; Klitenick et al., 1992; Margolis, Lock, Chefer, et al., 2006; 

Swanson, 1982; Yamaguchi et al., 2011) but was overall lower than percentages reported in 

the mouse (Taylor et al., 2014). For all of the subsequent comparisons, the reported 

percentages refer to ipsilateral projections, unless otherwise indicated. Projections to cortical 

regions were approximately 20-40% dopaminergic. Specifically, the projection to the ACC 

was around 23% TH(+), consistent with findings from Swanson (1982). A slightly higher 

percentage of TH(+) neurons (approx. 40%) was found in projections to the PrL and IL. This 

is consistent with prior reports in the rat (Margolis, Lock, Chefer, et al., 2006; Yamaguchi et 

al., 2011), but much less than the more than 70% DA reported in the mouse (Taylor et al., 

2014). VTA projections to the NAc contained a lower percentage of DA neurons compared 

to several studies in the rat and mouse, which reported near 85-90% DA (Swanson, 1982; 

Taylor et al., 2014). However, the close to 65% TH(+) neurons observed in the projection the 

NAc core is consistent with prior findings in our own laboratory following injections 

covering the core-medial shell border (Margolis, Lock, Chefer, et al., 2006) and was greater 

than the reported 50% in a more recent study in the rat (Rodríguez-López, Clascá, & Prensa, 

2017). The current study is the first to differentiate the percentage of DA in projections to 

the medial vs. lateral NAc shell in the rat. We found a similar percentage of between 40-50% 

TH(+) neurons in both of these projections, much less than what was reported in the mouse 

(Taylor et al., 2014), but similar to a study in the rat (Rodríguez-López et al., 2017). Overall, 

however, projections to the NAc and its sub-regions contained the highest percentages of DA 

neurons, consistent with overall patterns previously reported for both rats and mice 

(Swanson, 1982; Taylor et al., 2014; Yamaguchi et al., 2011). The percentage of TH(+) 

neurons in VTA projections to the VP (approx. 40%) and BLA (approx. 50%) fell within the 

range of prior rat work (Klitenick et al., 1992; Swanson, 1982) but again was less than that 

in mouse (Taylor et al., 2014). This is the first study to differentiate VTA projections 

specifically to the anterior and posterior BLA; a similar percentage of TH(+) projections was 

found in both cases. Lastly, consistent with the literature, we found that VTA the projection 

to the vlPAG has a significant contralateral contribution (Aransay et al., 2015; Beitz, 1982; 

Kirouac et al., 2004). While one study reported a lack of DA contribution to this projection 

(Kirouac et al., 2004), we found that a small percentage of TH(+) neurons (approximately 

15% ispi, 30% contra) projects to the vlPAG, consistent with more recent work (Aransay et 

al., 2015).

Comparison of GABAergic projections—Few prior studies have systematically 

examined VTA GABA projections, especially in the rat. The relatively small contribution of 

GABA neurons to each projection we observed is largely consistent with prior reports in 

both the rat and mouse (Taylor et al., 2014; Yamaguchi et al., 2011). Although Yamaguchi 

and colleagues (2011) did not identify GABA directly, around 10% of projections to the 

mPFC were non-dopaminergic and non-glutamatergic, therefore inferred to be GABAergic. 

This percentage is consistent with our findings in projections to both the PrL and IL. 

However, we detected a higher percentage of GAD(+) neurons in the projection to the ACC, 

especially from the contralateral VTA (approx. 40% contra, 20% ipsi). Prior work from our 

lab showed that approximately 25% of projections from the VTA to the NAc are GABAergic 
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(Margolis, Lock, Chefer, et al., 2006). This is relatively similar to the 36% reported by 

others, and reports of a minimal glutamate-only projection to the NAc (Van Bockstaele & 

Pickel, 1995; Yamaguchi et al., 2011). Thus, we expect the majority of the non-DA neurons 

(approx. 40%) projecting to the NAc to be GABAergic. To our knowledge, this was the first 

study to quantify the contribution of GABA neurons to the VTA projections to the VP, 

ABLA, and PBLA in the rat. Approximately 20% of projections to the VP were GAD(+), a 

much greater percentage than reported in the mouse (Taylor et al., 2014). Interestingly, a 

greater percentage of GAD(+) neurons was found to project to the posterior BLA (~25%) 

compared to the anterior BLA (~10%), suggesting AP organization of VTA inputs to the 

amygdala. Lastly, we found a robust GABA projection from the VTA to the vlPAG: close to 

50% of the projection is GAD(+), more than the previously reported 32% (Kirouac et al., 

2004). Importantly, this GABA projection arose from the VTA itself; we did not include 

projections from the rostromedial tegmental nucleus in this study, which also provides a 

dense GABA projection to the lateral PAG (Aransay et al., 2015).

Topographic organization of the VTA—We found here that while topographical 

distributions comprising each of the investigated projections differ, it was rare for a 

projection to be localized exclusively to a sub-region of the VTA. Consistent with prior 

studies, dorsal-ventral differences were observed in the VTA projection to the mPFC (Moore 

& Bloom, 1978; Swanson, 1982). PrL-projecting and IL1-projecting VTA neurons were 

located in more ventral and more dorsal regions, respectively. This is consistent with reports 

that the ventral VTA projects to more dorsal target regions, while the dorsal VTA projects 

more ventrally (Moore & Bloom, 1978). However, we found that ACC projection neurons 

were distributed relatively evenly throughout the DV axis, in contrast to Swanson’s finding 

that cingulate-projecting neurons were located preferentially in the ventral VTA (1982). This 

difference may be related to tracer injection location, as our ACC injections were anterior to 

those analyzed by Swanson (1982). Projections to the mPFC were located more robustly in 

the medial VTA, consistent with prior reports of a denser projection located in the midline 

VTA nuclei (Chandler et al., 2013; Yamaguchi et al., 2011). Interestingly, although a greater 

percentage of TH(+) PrL-projecting neurons were found in midline areas, consistent with 

prior findings (Swanson, 1982), TH(+) IL-projecting neurons were enriched in the posterior-

lateral VTA. Intriguingly, we found higher percentages of GAD(+) neurons in projections to 

the ACC compared to the PrL and IL, especially in the dorsal VTA. These observations are 

also consistent with the possibility that largely non-overlapping populations of VTA neurons 

project to these different sub-regions of PFC. This has been demonstrated for orbital frontal 

cortex, mPFC, and ACC by Chandler and colleagues (2013), who used simultaneous 

labeling by different fluorescent retrograde tracers to analyze collateralization of VTA 

projections to the PFC, and detected few dual labeled neurons. Our observations suggest this 

lack of collateralization is also the case for even finer subdivisions of PFC, e.g. PrL and IL.

In projections to the NAc, we see a graded topographic organization, similar to what has 

been previously described, with medial VTA neurons projecting more to the NAcMs and 

lateral VTA neurons projecting more to the NAcLs (Ikemoto, 2007; Rodríguez-López et al., 

2017). With single cell axon tracing techniques, dense arborization has been observed in 

axons targeting the NAc core or shell, with little branching to the adjacent NAc sub-regions, 
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consistent with these projections being largely separate (Rodríguez-López et al., 2017). 

There have been reports of a similar medial-lateral topographical organization for DA 

neurons (Ikemoto, 2007; Saunders, Richard, Margolis, & Janak, 2018); we found that the 

total number of projecting neurons varies in the M-L direction, but the proportions of 

neurons that are TH(+) projecting to the NAc and its sub-regions were relatively similar 

throughout the VTA, consistent with other findings (Swanson, 1982; Taylor et al., 2014; 

Yamaguchi et al., 2011). In projections to the VP, although the overall distribution of 

neurons was fairly even across the VTA, a higher percentage of TH(+) neurons was located 

laterally, similar to prior reports (Klitenick et al., 1992; Taylor et al., 2014). Interestingly, a 

novel dorsal-ventral difference was observed in GAD(+) projections to the VP, with more 

VP-projecting GABA neurons located in the dorsal VTA.

Dense projections to both the ABLA and PBLA were found in the lateral VTA, a very 

consistent finding across the literature in both rats and mice (Aransay et al., 2015; Loughlin 

& Fallon, 1983; Swanson, 1982; Taylor et al., 2014). More specifically, we found that 

ipsilateral projections arise mostly from the anterior lateral VTA, while contralateral 

projections arise from the medial VTA. Higher percentages of TH(+) neurons projecting to 

the BLA were also observed in more lateral VTA, consistent with prior findings (Swanson, 

1982). Interestingly, not only was there a marked difference in the contribution of GAD(+) 

neurons to the ABLA and PBLA projections, there was also a difference in their 

topographical organization. While there was an overall lower percentage of ABLA-

projecting VTA neurons that were GAD(+), we found that these comprised more of the 

projection from the lateral and ventral VTA; GAD(+) projections to the PBLA were more 

evenly distributed.

Lastly, VTA projections to the vlPAG were fairly evenly distributed throughout the VTA. 

Dopaminergic lateral PAG-projecting neurons have previously been reported in the PBP, 

which is partially overlapping with our more dorsal lateral sampling areas (Aransay et al., 

2015). In addition to observing TH(+) projections in the lateral VTA, we also observed 

TH(+) projections to the vlPAG in the medial VTA; these projections were evenly distributed 

in all sampling windows and across the DV axis. The strong GABAergic projection to the 

vlPAG has been previously reported (Kirouac et al., 2004); we found that the GAD(+) 

neurons contributing to this projection were evenly distributed in the dorsal VTA, but 

enriched in lateral regions of the ventral VTA.

Functional implications

Projections of the VTA to target nuclei play a functional role in motivation and reward 

(Fields et al., 2007; Morales & Margolis, 2017). The fact that individual VTA neurons rarely 

collateralize to multiple projection targets (Fallon 1981; Margolis, Lock, Chefer, et al., 2006; 

Swanson, 1982) raises the possibility that these different projections may contribute to 

different aspects of behavior. A large body of research has been devoted to understanding the 

contribution of DA neurons to reward related behaviors (Lammel et al., 2014; Salamone & 

Correa, 2012; Volkow, Wise, & Baler, 2017). However, only a slight majority of VTA 

neurons is actually TH(+) in the rat (Kirouac et al., 2004; Klitenick et al., 1992; Margolis et 

al., 2006; Swanson, 1982; Yamaguchi et al., 2011), and as we show here, most VTA 
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projections are composed primarily of non-DA neurons. In this context, DA-independent 

VTA contributions to behavior are not surprising. Importantly, DA-independent VTA reward 

has been observed; for example, intra-VTA morphine can produce a DA-independent 

conditioned place preference (CPP) (Hnasko, Sotak, & Palmiter, 2005; Nader & van der 

Kooy, 1997). Non-DA projections have been implicated in aversion; stimulation of VTA 

glutamate neurons projecting to the lateral habenula or to the NAcMs is sufficient to produce 

aversion (Qi et al., 2016; Root et al., 2014). Clearly, further investigation of the GABAergic 

and glutamatergic projections of the VTA is required in order to understand their 

contributions to behavior.

Functional roles of VTA dopamine projections—The behavioral role of DA in many 

of the target regions considered here has been intensely studied. In the cortex, D1 receptor 

activation is implicated in effort-based decisionmaking (Rushworth, Walton, Kennerley, & 

Bannerman, 2004; Schweimer & Hauber, 2005; Walton, Bannerman, Alterescu, & 

Rushworth, 2003). DA levels in the ACC increase with either electrical stimulation of the 

VTA or microinjection of a mu opioid receptor agonist into the VTA (Narita et al., 2010). In 

behavioral studies, PrL and IL are often considered together as the “mPFC”, potentially 

generating inconsistent results. For instance, in one study, optogenetic stimulation of mPFC-

projecting DA neurons was aversive and anxiogenic (Gunaydin et al., 2014) but in another 

study, inhibition of the mPFC-projecting DA neurons promoted susceptibility to a 

subsequent social defeat stressor (Chaudhury et al., 2013). Differentiating functional effects 

of VTA projections to the PrL and IL, rather than the mPFC as a whole, remains an 

interesting question, and may resolve seemingly paradoxical observations (for a review see 

Moorman et al., 2015). For example, injection of a DA antagonist into the PrL but not IL 

attenuates stress-induced reinstatement of drug seeking behavior (Capriles, Rodaros, Sorge, 

& Stewart, 2003).

Considerable evidence indicates that mesolimbic DA projections from the VTA to the NAc 

play an important role in reinforcement and in the rewarding effects of drugs of abuse 

(Ikemoto, 2007, 2010; Salamone, Correa, Mingote, & Weber, 2005). The NAc core and NAc 

shell may play unique roles in behavior. For instance, animals intra-cranially self-administer 

DA agonists into the NAc medial shell, but not the NAc core, indicating that the NAcMs 

drives reward related behaviors (Ikemoto, 2007, 2010; McBride, Murphy, & Ikemoto, 1999). 

Specific functional roles of VTA projections to the medial vs. lateral NAc shell are only just 

beginning to be parsed (Ikemoto, Quin, & Liu, 2005; Lammel et al., 2012; Pecina & 

Berridge, 2013; Shin, Qin, Liu, & Ikemoto, 2008).

The BLA is involved in forming associations between sensory cues and rewarding or 

aversive stimuli (Davis, 1992; Gallagher, 2000; LeDoux, 1996; McGaugh, 2002; Meil & 

See, 1997). Here, too, researchers have found a role for DA. Lesions of the VTA decrease 

DA content of the amygdala (James H. Fallon & Moore, 1978) and DA receptor blockage in 

the BLA attenuates the conditioned reinstatement of cocaine seeking behavior (Kruzich & 

See, 2001). More specific roles for VTA dopamine projections to the BLA remain to be 

explored; in particular, we do not yet know how DA projections to the anterior compared to 

the posterior BLA contribute to behavior.
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Blockade of DA receptors in the VP reduces ethanol self-administration into the VTA (Ding, 

Ingraham, Rodd, & McBride, 2015). Furthermore, 6-hydroxydopamine lesions of the VP 

block cocaine-induced CPP (Gong, Neill, & Justice, 1996). The VP is now recognized as a 

reward region in its own right rather than just as a motor output nucleus (Root et al., 2015) 

and is thought of as an output for limbic signals, as it is receives convergent inputs from 

reward related brain areas including the PFC, NAc, and amygdala (Grove, 1988; Klitenick et 

al., 1992; Maurice, Deniau, Menetrey, Glowinski, & Thierry, 1997; Zaborszky, Gaykema, 

Swanson, & Cullinan, 1997). Thus, VTA projections to the VP are well situated to influence 

reward processing downstream of other areas.

Functional roles of VTA GABA projections—The development of genetically tagged 

mouse lines has relatively recently enabled the selective study of the behavioral 

contributions of VTA GABA and glutamate neurons that are intermixed with DA neurons. 

Local stimulation of VTA GABA neurons reduces reward consumption, but little is known 

about how the projections contribute to this behavior (Van Zessen et al., 2012). Brown and 

colleagues (2012) demonstrated that stimulation of NAc-projecting VTA GABA neurons 

inhibits cholinergic interneurons (CINs) within the NAc, and promotes stimulus-outcome 

learning. However, this function may still involve DA, as CINs regulate DA release in the 

striatum through their action on nicotinic receptors on DA axon terminals (Cachope et al., 

2012; Threlfell & Cragg, 2011; Zhou, Liang, & Dani, 2001).

The function of GABA projections to many other VTA targets remains unknown; however, 

one interesting pattern we detected was a greater percentage of GABA projections to the 

PBLA compared to the projection to the ABLA. These two regions of the amygdala have 

recently been shown to contain different populations of neurons that have opposing effects 

on behavior: neurons in the ABLA respond to aversive stimuli and can disrupt reward-

seeking behaviors when activated, while neurons in the PBLA respond to appetitive stimuli 

and are critical for reward seeking and associative conditioning (Kim et al., 2016). 

Stimulation of these PBLA neurons can also elicit a CPP (Kim et al., 2016). Our anatomical 

detection of these VTA GABA populations, as well as those that project to the ACC and 

vlPAG, among others, provide especially interesting future directions for investigating how 

the VTA contributes to motivated behavior.

Functional implications of VTA topography—The regional heterogeneity of the VTA 

also has important implications for behavior. Differences between the anterior and posterior 

VTA have been described (for a review see Sanchez-Catalan et al., 2014), and the 

anatomical information we provide here is consistent with this organization. For example, 

rats will self-administer drugs of abuse including opiates, ethanol, and nicotine into the 

posterior, but not the anterior, VTA (Ding et al., 2015; Ikemoto, Qin, & Liu, 2006; Zangen, 

Ikemoto, Zadina, & Wise, 2002). Understanding the distribution of projection neurons and 

their different cell types enables the formulation of predictions regarding the circuitry 

involved in such behaviors. For instance, we found that projections to the IL and ACC 

arising from the posterior-lateral VTA contain a greater percentage of TH(+) neurons. We 

also observed a higher percentage of GAD(+) neurons in projections to the ABLA in the 

posterior-lateral VTA. Different distributions of VTA cell types (DA, GABA, or glutamate) 
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along the AP axis, as well as differences in the target regions those cells project to, likely in 

concert drive the observed behavioral differences between the anterior and posterior VTA.

The medial-lateral and dorsal-ventral organization of VTA projections is also important for 

behavioral outcomes. For example, our current study and others suggest topographical 

projections from the medial-lateral VTA to medial-lateral NAc regions (Ikemoto, 2007; 

Lammel et al., 2008; Rodríguez-López et al., 2017; reviewed in Lammel et al., 2014). This 

medial-lateral distribution is behaviorally relevant, as the medial and lateral NAc shell have 

functionally distinct roles (Lammel et al., 2012; Pecina & Berridge, 2005). We also found 

that projections to the PrL and IL were located more densely in the medial VTA, and 

therefore may contribute to behaviors attributed to the medial VTA; yet PrL and IL 

projections are differentiated by their location in the DV axis. These topographical 

distributions within the VTA are relevant not only in regard to where to target 

microinjections of drugs or viruses for behavioral studies, but also with respect to the 

sampling of neurons for both in vivo and ex vivo electrophysiology. Overall, the 

heterogeneity of the VTA, both in projection target and neurotransmitter content, is an 

important element to be considered for understanding the functional roles of the VTA.

Conclusions

We demonstrate here that a majority of VTA projections have a majority non-dopaminergic 

component. We also report the distribution of the somata within the VTA that give rise to 

these different projections, and the proportion of those projections that are dopaminergic or 

GABAergic. Building on the existing literature, we found that the cell bodies contributing to 

these projections show unique patterns of localization within the VTA, and variation in their 

neurotransmitter content. Importantly, these data indicate that projections to different brain 

regions arise from intermingled populations of neurons across the VTA, yet adjacent 

projection targets likely receive inputs from different populations of VTA neurons. Together, 

these observations indicate an organized but intermixed structure to the VTA, including the 

many non-dopaminergic projection neurons therein, whose behavioral contribution is only 

beginning to be explored.
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BLA Basolateral amygdala

CIN Cholinergic interneuron

Contra Contralateral

CPP Conditioned place preference

DA Dopamine

DV Dorsal-Ventral

FITC Fluorescein

GABA Gamma-aminobutyric acid

GAD Glutamic Acid Decarboxylase

IL Infralimbic cortex

IPF Interpeduncular fossa

Ipsi Ipsilateral

ML Medial-Lateral

mPFC Medial prefrontal cortex

MT Medial terminal nucleus of the accessory optic tract

NAc Nucleus accumbens

NAcC Nucleus accumbens core

NAcLs Nucleus accumbens lateral shell

NAcMs Nucleus accumbens medial shell

PBLA Posterior basolateral amygdala

PBP Parabrachial pigmented area

PL Posterior Lateral

PN Paranigral nucleus

PrL Prelimbic cortex

TH Tyrosine Hydroxylase

vlPAG Ventrolateral periaquaductal gray

VMAT2 Vesicular monoamine transporter-2

VP Ventral pallidum

VTA Ventral tegmental area
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Figure 1. 
Methods summary. (a) Representations of coronal sections of the target nuclei receiving 

retrograde tracer injections. Coordinates are anterior-posterior from bregma (Paxinos & 

Watson, 1998). For surgical coordinates, see Table 2. (b) Seven days after tracer injection 

(left), horizontal sections of the VTA were made for analysis of the distributions of 

retrogradely labeled neurons within the VTA (right) (−8.10 mm ventral from the skull 

surface) (Paxinos & Watson, 1998). (c) Example brightfield image of a horizontal slice 

containing the VTA, 50 μm thick. The sampling regions are indicated (−8.10 mm ventral) 

Scale bar 2 mm. (d) Fluorescent image of a horizontal slice containing the VTA, 50 μm 

thick, immunocytochemically labeled for TH (green) and depicting the sampling regions 

(−8.10 mm ventral). (e) Horizontal VTA slices immunocytochemically labeled for TH 

representing the dorsal-ventral (DV) extent of the VTA. Approximate coordinates are dorsal-

ventral from the skull surface (Paxinos & Watson, 1998). Scale bar 500 μm.
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Figure 2. 
Overall quantification of retrogradely labeled VTA neurons for each projection: laterality, 

and dopaminergic and GABAergic contributions. (a) Ipsilateral (ipsi) and contralateral 

(contra) VTA projection densities for ACC, PrL, IL, VP, ABLA, PBLA, and vlPAG. (b) 

Ipsilateral and contralateral VTA projection densities for NAcC, NAcMs, and NAcLs. (c) 

The proportions of ipsilateral retrogradely labeled neurons that were co-labeled with either 

TH (TH-DiI) or GAD (GAD-DiI) for ACC, PrL, IL, VP, ABLA, PBLA, and vlPAG. (d) The 

proportions of ipsilateral retrogradely labeled VTA neurons that project to the NAc sub-

regions and were co-labeled for TH (TH-DiI). (e) The proportions of contralateral 

retrogradely labeled neurons that were co-labeled with either TH (TH-DiI) or GAD (GAD-

DiI) for ACC, PrL, IL, VP, ABLA, PBLA, and vlPAG. (f) The proportions of contralateral 
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retrogradely labeled VTA neurons that project to the NAc sub-regions and were co-labeled 

for TH (TH-DiI). All results are presented as mean ± S.E.M.
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Figure 3. 
Projections from the VTA to the anterior cingulate cortex (ACC). (a) Example DiI injection 

site in the ACC (AP 1.6 mm). Scale bar 2 mm. (b) Summary of all DiI injection sites (red 

circles) in the ACC (AP 1.6 mm) (Paxinos & Watson, 1998). n=5 (c) Retrogradely labeled 

neurons were detected in all sampling regions throughout the DV extent of the VTA. Dot 

size indicates the mean percentage of retrogradely labeled neurons within that sampling 

window compared to the total projection. The slice depths from dorsal to ventral are 

approximately −7.8, −8.0, −8.2 and −8.4 mm. (d) Example images of DiI labeled cells 

(magenta) and immunofluorescent labeling for TH (green). Scale bar 50 μm. Arrows 

indicate TH-DiI co-labeled neurons. Arrowheads indicate DiI only neurons. (e) Within each 

sampling region, the color indicates the percentage of DiI neurons co-labeled with TH. (f) 

Representative images of DiI filled cells and immunofluorescent labeling for GAD. Scale 

bar 50 μm. Arrows indicate GAD-DiI co-labeled neurons. Arrowheads represent DiI only 

neurons. (g) Within each sampling region, the color indicates the percentage of DiI neurons 

co-localized with GAD.
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Figure 4. 
Projections from the VTA to the prelimbic cortex (PrL). (a) Example DiI injection site in the 

PrL (AP 3.2 mm). Scale bar 2 mm. (b) Summary of all DiI injection sites (red circles) in the 

PrL (AP 3.2 mm) (Paxinos & Watson, 1998). n=12 (c) Retrogradely labeled neurons were 

detected in all but one sampling region throughout the DV extent of the VTA. Dot size 

indicates the mean percentage of retrogradely labeled neurons within that sampling window 

compared to the total projection. The slice depths from dorsal to ventral are approximately 

−7.8, −8.0, −8.2 and −8.4 mm. (d) Representative images of DiI labeled cells (magenta) and 

immunofluorescent labeling for TH (green). Scale bar 50 μm. Arrows indicate TH-DiI co-

labeled neurons. (e) Within each sampling region, the color indicates the percentage of DiI 

neurons co-labeled with TH. (f) Representative images of DiI filled cells and 

immunofluorescent labeling for GAD. Scale bar 50 μm. Arrow indicates GAD-DiI co-

labeled neuron. (g) Within each sampling region, the color indicates the percentage of DiI 

neurons co-localized with GAD.
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Figure 5. 
Projections from the VTA to the infralimbic cortex (IL). (a) Example DiI injection site in the 

IL (AP 2.7 mm). Scale bar 2 mm (b) Summary of all DiI injection sites (red circles) in the IL 

(AP 2.7 mm) (Paxinos & Watson, 1998). n=7 (c) Retrogradely labeled neurons were 

detected in all sampling regions ipsilateral to the injection site throughout the DV extent of 

the VTA. Dot size indicates the mean percentage of retrogradely labeled neurons within that 

sampling window compared to the total projection. The slice depths from dorsal to ventral 

are approximately −7.8, −8.0, −8.2 and −8.4 mm. (d) Representative images of DiI filled 

cells (magenta) and immunofluorescent labeling for TH (green). Scale bar 50 μm. Arrows 

indicate TH-DiI co-labeled neurons. Arrowheads indicate DiI only neurons. (e) Within each 

sampling region, the color indicates the percentage of DiI neurons co-labeled with TH across 

animals. (f) Representative images of DiI filled cells and immunofluorescent labeling for 

GAD. Scale bar 50 μm. Arrows indicate GAD-DiI co-labeled neurons. (g) Within each 

sampling region, the color indicates the percentage of DiI neurons co-localized with GAD.
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Figure 6. 
Projections from the VTA to the nucleus accumbens core (NAcC). (a) Example DiI injection 

site in the NAcC (AP 1.0 mm). Scale bar 2 mm. (b) Summary of all DiI injection sites (red 

circles) in the NAcC (AP 1.0 mm) (Paxinos & Watson, 1998). n=3 (c) Retrogradely labeled 

neurons were detected in all but two sampling regions throughout the DV extent of the VTA. 

Dot size indicates the mean percentage of retrogradely labeled neurons within that sampling 

window compared to the total projection. The slice depths from dorsal to ventral are 

approximately −7.8, −8.0, −8.2 and −8.4 mm. (d) Representative images of DiI filled cells 

(magenta) and immunofluorescent labeling for TH (green). Scale bar 50 μm. Arrows 

indicate TH-DiI co-labeled neurons. Arrowheads indicate DiI only neurons. (e) Within each 

sampling region, the color indicates the percentage of DiI neurons co-labeled with TH.
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Figure 7. 
Projections from the VTA to the nucleus accumbens medial shell (NAcMs). (a) Example DiI 

injection site in the NacMs (AP 1.6 mm). Scale bar 2 mm. (b) Summary of all DiI injection 

sites (red circles) in the NAcMs (AP 1.6 mm) (Paxinos & Watson, 1998). n=3 (c) 

Retrogradely labeled neurons were detected in all ipsilateral sampling regions throughout 

the DV extent of the VTA. Dot size indicates the mean percentage of retrogradely labeled 

neurons within that sampling window compared to the total projection. The slice depths 

from dorsal to ventral are approximately −7.8, −8.0, −8.2 and −8.4 mm. (d) Representative 

images of DiI filled cells (magenta) and immunofluorescent labeling for TH (green). Scale 

bar 50 μm. Arrows indicate TH-DiI co-labeled neurons. Arrowheads indicate DiI only 

neurons. (e) Within each sampling region, the color indicates the percentage of DiI neurons 

co-localized with TH.
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Figure 8. 
Projections from the VTA to the nucleus accumbens lateral shell (NAcLs). (a) Example DiI 

injection site in the NAcLs (AP 1.6 mm). Scale bar 2mm. (b) Summary of all DiI injection 

sites (red circles) in the NAcLs (AP 1.6 mm) (Paxinos & Watson, 1998). n=3. (c) 

Retrogradely labeled neurons were detected in all sampling regions throughout the DV 

extent of the VTA. Dot size indicates the mean percentage of retrogradely labeled neurons 

within that sampling window compared to the total projection. The slice depth from dorsal 

to ventral is approximately −7.8, −8.0, −8.2 and −8.4 mm. (d) Representative images of DiI 

filled cells (magenta) and immunofluorescent labeling for TH (green). Scale bar 50 μm. 

Arrows indicate DiI, TH co-labeled neurons. Arrowheads indicate DiI(+), TH(−) neurons. 

(e) Within each sampling region, the color indicates the percentage of DiI neurons co-

localized with TH.
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Figure 9. 
Projections from the VTA to the ventral pallidum (VP). (a) Example DiI injection site in the 

VP (AP −0.2 mm). Scale bar 2 mm. (b) Summary of all DiI injection sites (red circles) in the 

VP (AP −0.2 mm) (Paxinos & Watson, 1998). n=7 (c) Retrogradely labeled neurons were 

detected in all sampling regions throughout the DV extent of the VTA. Dot size indicates the 

mean percentage of retrogradely labeled neurons within that sampling window compared to 

the total projection. The slice depths from dorsal to ventral are approximately −7.8, −8.0, 

−8.2 and −8.4 mm. (d) Representative images of DiI filled cells (magenta) and 

immunofluorescent labeling for TH (green). Scale bar 50 μm. Arrows indicate TH-DiI co-

labeled neurons. Arrowheads indicate DiI only neurons. (e) Within each sampling region, 

the color indicates the percentage of DiI neurons co-labeled with TH. (f) Representative 

images of DiI filled cells and immunofluorescent labeling for GAD. Scale bar 50 μm. 

Arrows indicate GAD-DiI co-labeled neurons. Arrowheads represent DiI only neurons. (g) 

Within each sampling region, the color indicates the percentage of DiI neurons co-localized 

with GAD.
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Figure 10. 
Projections from the VTA to the anterior basolateral amygdala (ABLA). (a) Example DiI 

injection site in the ABLA (AP −2.56 mm). Scale bar 2 mm. (b) Summary of all DiI 

injection sites (red circles) in the ABLA (AP −2.56 mm) (Paxinos & Watson, 1998). n=3. (c) 

Retrogradely labeled neurons were detected in all sampling regions throughout the DV 

extent of the VTA. Dot size indicates the mean percentage of retrogradely labeled neurons 

within that sampling window compared to the total projection. The slice depths from dorsal 

to ventral are approximately −7.8, −8.0, −8.2 and −8.4 mm. (d) Representative images of DiI 

filled cells (magenta) and immunofluorescent labeling for TH (green). Scale bar 50 μm. 

Arrow indicates TH-DiI co-labeled neuron. Arrowheads indicate DiI only neurons. (e) 

Within each sampling region, the color indicates the percentage of DiI neurons co-labeled 

with TH. (f) Representative images of DiI filled cells and immunofluorescent labeling for 

GAD. Scale bar 50 μm. Arrows indicate GAD-DiI co-labeled neurons. Arrowhead 

represents DiI only neuron. (g) Within each sampling region, the color indicates the 

percentage of DiI neurons co-localized with GAD.
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Figure 11. 
Projections from the VTA to the posterior basolateral amygdala (PBLA). (a) Example DiI 

injection site in the PBLA (AP −3.3 mm) Scale bar 2 mm. (b) Summary of all DiI injection 

sites (red circles) in the PBLA (AP −3.3 mm) (Paxinos & Watson, 1998). n=7 (c) 

Retrogradely labeled neurons were detected in all sampling regions throughout the DV 

extent of the VTA. Dot size indicates the mean percentage of retrogradely labeled neurons 

within that sampling window compared to the total projection. The slice depths from dorsal 

to ventral are approximately −7.8, −8.0, −8.2 and −8.4 mm. (d) Representative images of DiI 

filled cells (magenta) and immunofluorescent labeling for TH (green). Scale bar 50 μm. 

Arrow indicates TH-DiI co-labeled neuron. Arrowhead indicates DiI only neuron. (e) Within 

each sampling region, the color indicates the percentage of DiI neurons co-labeled with TH. 

(f) Representative images of DiI filled cells and immunofluorescent labeling for GAD. Scale 

bar 50 μm. Arrow indicates GAD-DiI co-labeled neuron. Arrowhead represents DiI only 

neuron. (g) Within each sampling region, the color indicates the percentage of DiI neurons 

co-labeled with GAD.
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Figure 12. 
Projections from the VTA to the ventrolateral periaqueductal gray (vlPAG). (a) Example DiI 

injection site in the vlPAG (DV −5.8 mm). Scale bar 2 mm. (b) Summary of all DiI injection 

sites (red circles) in the vlPAG (DV −5.8 mm) (Paxinos & Watson, 1998). n=6 (c) 

Retrogradely labeled neurons were distributed relatively evenly across both ipsilateral and 

contralateral sampling regions throughout the DV extent of the VTA. Dot size indicates the 

mean percentage of retrogradely labeled neurons within that sampling window compared to 

the total projection. The slice depths from dorsal to ventral are approximately −7.8, −8.0, 

−8.2 and −8.4 mm. (d) Representative images of DiI filled cells (magenta) and 

immunofluorescent labeling for TH (green). Scale bar 50 μm. Arrow indicates TH-DiI co-

labeled neuron. (e) Within each sampling region, the color indicates the percentage of DiI 

neurons co-labeled with TH. (f) Representative images of DiI filled cells and 

immunofluorescent labeling for GAD. Scale bar 50 μm. Arrow indicates GAD-DiI co-

labeled neuron. (g) Within each sampling region, the color indicates the percentage of DiI 

neurons co-localized with GAD.
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TABLE 1.

Protocol details across animals.

Protocol
Name

Tracer Injection
Method

Perfusion Method Image Collection Number of
Animals
by target

A Injection cannula connected to 1 ml Hamilton syringe 10% formalin Zeiss LSM510 META ACC: 4
PrL: 4
NAcC: 1
VP: 2
vlPAG: 3

B Nanoject injector 4% paraformaldehyde Zeiss Axioskop 2 ACC: 1
PrL: 5
IL: 7
NAcC: 2
NAcMs: 3
NAcLs: 3
VP: 4
ABLA: 3
PBLA: 5
vlPAG: 3

ACC, anterior cingulate cortex; PrL, prelimbic cortex; IL, infralimbic cortex. For other abbreviations, see list.
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TABLE 2.

Surgical Coordinates for Unilateral Tracer Injections

Nucleus Targeted Coordinates, from bregma (DV from skull surface)

ACC AP = +1.6mm; DV = −3.5mm; ML = ±0.6mm

PrL AP = +3.2mm; DV = −4.2mm; ML = ±0.8mm

IL AP = +2.7mm; DV = −5.8mm; ML = ±0.8mm

NAcC AP = +1.7mm; DV = −6.6mm; ML = ±1.6mm

NAcMs AP = +1.7mm; DV = −7.5mm; ML = ±0.7mm

NAcLs AP = +1.7mm; DV = −8.1mm; ML = ±2.0mm

ABLA AP = −2.3mm; DV = −8.7mm; ML = ±4.8mm

PBLA AP = −3.3mm; DV = −8.3mm; ML = ±4.8mm

VP AP = −0.2mm; DV = −8.5mm; ML = ±2.4mm

vlPAG AP = −7.8mm; DV = −6.0mm; ML = ±0.6mm

For all abbreviations, see list.
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TABLE 3a.

Primary Antibodies Used for Immunocytochemistry

Antibody name Immunogen Manufacturer, cat number,
reference number, host

Dilution

Anti-tyrosine hydroxylase antibody Denatured tyrosine hydroxylase from rat 
pheochromocytoma (62kDa).
UniProt Number: P04177.

EMD Millipore, Billerica, MA
Cat# AB152,
RRID:AB_390204
(Rabbit polyclonal IgG)

1:200

Anti-GAD67 antibody, clone 1G10.2 Recombinant GAD67 protein (67kDa).
UniProt Number: Q99259

EMD Millipore, Billerica, MA
Cat #MAB5406,
RRID:AB_2278725
(Mouse monoclonal IgG2A)

1:200
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TABLE 3b.

Secondary Antibodies Used for Immunocytochemistry

Conjugate and host Against Dilution Supplier

Fluorescein (FITC) (Goat) Anti-rabbit (H + L) 1:500 Jackson ImmunoResearch,
West Grove, PA
Cat# 111–095-003

Biotin (Goat) Anti-mouse (H + L) 1:500 Vector Laboratories
Cat# BA-9200

Fluorescein (FITC) - Avidin D 1:500 Vector Laboratories
Cat# SP-2040
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