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Abstract

Profound inhibitory control exerted on midbrain dopaminergic neurons by the lateral habenula 

(LHb), which has mainly excitatory outputs, is mediated by the GABAergic rostromedial 

tegmental nucleus (RMTg), which strongly innervates dopaminergic neurons in the ventral 

midbrain. Early reports indicated that the afferent connections of the RMTg, excepting its very 

strong LHb inputs, do not differ appreciably from those of the ventral tegmental area (VTA). 

Presumably, however, the RMTg contributes more to behavioral synthesis than to simply invert 

the valence of the excitatory signal coming from the LHb. So, the present study was done to 

directly compare the inputs to the RMTg and VTA and, in deference to its substantial involvement 

with this circuitry, the LHb was also included in the comparison. Data indicated that, while the 

afferents of the RMTg, VTA and LHb do originate within the same large pool of CNS structures, 

each also is related to structures that project more strongly to it than to the others. The VTA gets 

robust input from ventral striatopallidum and extended amygdala, whereas RMTg biased inputs 

arise in structures with more direct impact on motor function such as deep layers of the 

contralateral superior colliculus, deep cerebellar and several brainstem nuclei, and, via a relay in 

the LHb, the entopeduncular nucleus. Input from the ventral pallidal-lateral preoptic-lateral 

hypothalamus continuum is strong in the RMTg and VTA and dominant in the LHb. Axon 

collateralization was also investigated, providing additional insights into the organization of the 

circuitry of this important triad of structures.

Introduction

Ventral mesencephalic dopaminergic (DAergic) neurons in the ventral tegmental area 

(VTA) and substantia nigra compacta (SNc) are activated by several kinds of stimuli, 

including novel, rewarding and reward-predicting (White, 1996; Schultz et al., 1997; Rebec 
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et al., 1997a, b; Schultz, 1998, Wise, 2004). Alternatively, such neurons are inhibited by the 

omission of expected rewards (Schultz et al., 1997; 1998; 2007, 2013; Bromberg-Martin et 

al., 2010; Cohen et al., 2012; Fiorillo et al., 2013) and mainly inhibited by aversive stimuli 

although they may be excited by them (Ungless, 2004; Matsumoto and Hikosaka, 2008; 

Ungless et al., 2010; Lammel et al., 2011; 2012; 2014), particularly in certain subgroups 

(Matsumoto and Hikosaka, 2009; Cohen et al., 2012). The resulting effects on release of 

dopamine in striatal and cortical target regions, in turn, affect a broad range of cognitive and 

behavioral functions, including locomotor and autonomic activation, reward prediction, 

effort based decision-making, learning, habit formation and movement initiation (Wise, 

2004; Berridge, 2007; Salomone and Correa, 2012; Steinberg et al., 2013; Hart et al., 2014; 

Saddoris et al., 2014).

While long a subject of intense investigation, how stimuli are coupled to the activity of 

midbrain dopamine neurons remains incompletely understood. Midbrain DAergic neurons 

fire spontaneously, but their activity is thought to be mainly controlled by abundant afferent 

projections (Grace, 1988; White, 1996; Marinelli et al., 2006; Grace et al., 2007; Sesack and 

Grace, 2010; Marinelli and McCutcheon, 2014), which are organized as a complex network 

converging from widespread parts of the neuroaxis (Phillipson, 1979; Oades and Halliday, 

1987; Bentivoglio and Morelli, 2005; Geisler and Zahm, 2005; 2006; Björklund and 

Dunnett, 2007; Geisler et al., 2007; Ikemoto, 2007; Zahm et al., 2011b; Yetnikoff et al., 

2014a). Structures within this afferent network that earlier were reported to be particularly 

efficacious in regulating midbrain DAergic neuronal activity (e.g., Floresco et al., 2003; 

Lodge and Grace, 2006a; b) now must also include the lateral habenula (LHb), a tonically 

active epithalamic structure classically linked to reward, stress, maternal behavior, 

nociception, circadian rhythmicity and learning (reviewed in Sutherland, 1982; Lecourtier 

and Kelly, 2007; Geisler and Trimble, 2008). The LHb is increasingly recognized as a potent 

modulator of midbrain DAergic neuronal activity (Ji and Shepard, 2007; Matsumoto and 

Hikosaka, 2007; 2009; Shelton et al., 2012; Stamatakis and Stuber, 2012; Stopper and 

Floresco, 2013; Velasques et al., 2014; Hennigan et al., 2014). LHb projects broadly to 

mesopontine structures, including the VTA, that give rise to extensive ascending modulatory 

projections (Herkenham and Nauta, 1979; Araki et al., 1988; Jhou et al., 2009b; 

Olmelchenko et al., 2009; Lavezzi et al., 2012; Bernard and Veh, 2012). Interestingly, the 

LHb responds to stimuli in a manner opposite to DAergic neurons. That is, the activity of 

LHb neurons is inhibited by unexpected rewards and reward-predictive cues, and increased 

by reward omission and aversive stimuli (Ji and Shepard 2007; Matsumoto and Hikosaka, 

2007, 2009; Hong et al., 2011). This suggests, insofar as LHb outputs to the VTA are mainly 

excitatory (Geisler et al., 2007; Brinschwitz et al., 2010), that the LHb likely regulates VTA 

activity via an intermediary structure (Ji and Shepard, 2007).

After a seminal paper by Jhou (2005), evidence has continued to accumulate favoring the 

rostromedial tegmental nucleus (RMTg) as said LHb-VTA intermediary. The predominantly 

GABAergic RMTg is located just behind the VTA, receives strong glutamatergic input from 

the LHb and has robust inhibitory projections that contact preferentially DAergic neurons in 

the VTA, SNc and retrorubral field (Jhou et al., 2009a, b; Kaufling et al., 2009; Kim, 2009; 

Balcita-Pedicini et al., 2011; Barrot and Thome, 2011; Lavezzi and Zahm, 2011 Matsui and 

Yetnikoff et al. Page 2

J Comp Neurol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Williams, 2011; Bourdy and Barrot, 2012; Gonçalves et al., 2012; Lecca et al., 2010; 2011; 

Bourdy et al., 2014; Barrot, 2014). RMTg neurons express the immediate early gene c-fos 

and its long-lived splice variant, deltaFosB after stimulant drug administration (Scammell et 

al., 2000; Perrotti et al., 2005; Geisler et al., 2008), and the RMTg is enriched in 

prepronociceptin mRNA (Morales et al., 2011), somatostatin and the μ-opioid receptor (Jhou 

et al., 2009b; 2012). Like LHb neurons, RMTg neurons are spontaneously active and their 

average rates of firing are increased by reward omission and aversive stimuli, decreased by 

reward and reward-predictive cues, and also influenced, mainly negatively, by fear-eliciting 

stimuli (Jhou et al., 2009a; Hong et al., 2011; Bourdy and Barrot, 2012; Stamatakis and 

Stuber, 2012). Electrophysiological stimulation of the LHb activates RMTg neurons (Hong 

et al., 2011), while lesions of the fasciculus retroflexus, the main habenular output pathway, 

prevent activation of RMTg neurons by negative stimuli (Brown and Shepard, 2013). In 

turn, activation of the RMTg results in profound inhibition of midbrain dopamine neurons, 

an influence thought to underlie behavioral responses to reward omission, aversive stimuli, 

fear and drugs of abuse (Jhou 2009a, 2013; Hong et al., 2011; Lecca et al., 2010, 2011; 

Matsui and Williams, 2011; Matsui et al., 2014; Bourdy et al., 2014). Activation of the 

RMTg also negatively modulates locomotor activation (Lavezzi et al., 2014) and the 

acquisition and execution of motor skills (Bourdy et al., 2014).

In consequence of these neuroanatomical and neurophysiological relationships, there is 

some jeopardy that the RMTg might come to be appreciated as a mere relay serving to invert 

the valence of LHb signaling enroute to midbrain DAergic neurons. Such a scenario would 

seem unlikely, however, insofar as the RMTg occupies a part of the mesencephalic reticular 

formation with a very rich complement of afferent and efferent connections (Lavezzi and 

Zahm, 2011). Indeed, initial reports on the non-habenular afferents of the RMTg (Jhou et al., 

2009b; Kaufling et al., 2009) concurred that they are very numerous and so much resemble 

the very extensive inputs to the VTA (Geisler and Zahm, 2005) as to be virtually 

indistinguishable from them. But it also seems unlikely that RMTg and VTA afferents 

should be identical. Accordingly, the present study was done to directly compare their 

numbers and distributions. In addition, to further establish the RMTg as a unique, albeit 

interdependent, modulator of DAergic function, the numbers and distributions of RMTg and 

VTA afferents were also compared directly to those of the LHb. The study was concluded 

with additional experiments addressing the possibility that subsets of basal forebrain neurons 

might project by axon collaterals to both the RMTg and LHb or VTA.

Materials and Methods

Animals

All experiments were carried out in accordance with guidelines published in the National 

Institutes of Health Guide for the care and use of laboratory animals and were approved by 

the animal care committee of Saint Louis University. Male Sprague Dawley rats (200-290g; 

Harlan, Indianapolis, IN) were housed under a 12-hour light-dark cycle in groups of 4 – 6 

until the time of tracer injections, after which they were housed individually. Food and water 

were provided ad libitum.
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Tracer injections

Rats were given intraperitoneal injections of a mixture of 45% ketamine (100 mg/ml), 35% 

xylazine (20 mg/ml) and 20% saline at a dose of 0.16 ml/100 g body weight, and several 

minutes later were placed into a Kopf stereotaxic instrument. Small bore holes were drilled 

in the skull above targeted structures and 1% Fluorogold (FG, Fluorochrome, Inc, 

Englewood, CO) in 0.067 cacodylate buffer or 10% β subunit of cholera toxin (Ctβ; List 

Biological Laboratories Inc., Campbell, CA) in 0.1M Sorenson's phosphate buffer (SPB; pH 

7.4) were injected iontophoretically into the brains from 1.0 mm filament-containing 

borosilicate glass pipettes pulled to outside diameters of 15-18 μm (for FG) or 20-25 μm (for 

Ctβ). The injections were made over a period of 15 min using positive pulses (7s on/7s off) 

of 1 μA (for FG) or 3 μA (for Ctβ). Animals were given subcutaneous (s.c.) injections of 

carprofen (20 mg/kg) immediately after surgery and once daily for the next 3 days. 

Stereotaxic coordinates were established with the aid of the atlas of Paxinos and Watson 

(1997).

Initially, groups of rats intended to reveal numbers of neurons projecting to the VTA and 

RMTg received injections of FG into the VTA and Ctβ into the ipsilateral RMTg or FG into 

the RMTg and Ctβ into the ipsilateral VTA in order to allow both intra- and between-subject 

analyses of the patterns of labeled projections from the two injection sites. The intra-subject 

approach had to be abandoned, however, when it was recognized that significantly fewer 

neurons are retrogradely labeled by FG than Ctβ, the difference being greatest at sites distant 

from the injections. Consequently, additional sections were processed to exhibit only Ctβ 

labeling and between-subject analyses were done comparing a group of rats that received 

VTA injections with a group that received RMTg injections and, in addition, with a third 

group that received injections of Ctβ into the LHb.

A second part of this investigation was done to identify basal forebrain neurons that project 

to the RMTg and VTA or LHb. This part of the study did utilize cases in which the RMTg 

received injections of FG or Ctβ and the ipsilateral VTA or LHb was injected with the other 

tracer (i.e., the one not put in the RMTg). This was permissible despite the less efficacious 

transport of FG because here the numbers of neurons labeled by the two tracers were not 

directly compared.

Fixation of brains and immunocytochemistry

Three days after the tracer injections, the rats were deeply anesthetized with the ketamine-

xylazine cocktail described above and perfused transaortically with 0.01M SPB (pH 7.4) 

containing 0.9% sodium chloride and 2.5% sucrose followed by 0.1M SPB (pH 7.4) 

containing 4% paraformaldehyde and 2.5% sucrose. Some rats with tracer deposits in the 

RMTg received an intraperitoneal injection of D-amphetamine (10 mg/kg) two hours prior 

to perfusion to enable subsequent verification of the RMTg tracer injection site by 

immunohistochemical demonstration of psychostimulant-induced Fos expression. Brains 

were removed from the skull, postfixed in the same fixative for 4 hours, cryoprotected in 

30% sucrose overnight and sectioned at 50 μm on a freezing microtome. Five adjacent series 

of frontal sections were collected such that the entire brain was sampled at 250 μm intervals. 
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Series of sections were stored prior to processing at -20°C in a cryoprotectant comprising 

30% sucrose and 33% ethylene glycol in SPB.

Single labeling protocol - anti-Ctβ—A series of sections was thoroughly rinsed in 

0.1M SPB and immersed in 1% aqueous sodium borohydride for 15 min followed by 

thorough rinsing in 0.1M SPB. The sections were then incubated overnight in 0.1M SPB 

containing 0.1% Triton X-100 (SPB-t) and anti-Ctβ antibody (see Primary Antibodies 

section below) was used at a dilution of 1:5000. The following day, sections were rinsed 

thoroughly in SPB-t and placed for one hour in SPB-t containing biotinylated secondary 

antibody (Jackson Laboratories, West Grove, PA) raised in donkey against goat at a dilution 

of 1: 200. After thorough rinsing, sections were placed for one hour in SPB-t containing 

avidin-biotin-peroxidase complex (ABC, Vector Laboratories, Burlingame, CA) used at 

1:200, rinsed again in SPB and incubated for 5–10 min in a solution of 0.025M Tris buffer 

(pH 8.0) containing 0.015% 3,3′-diaminobenzidine (DAB), 0.4% nickel ammonium sulfate, 

and 0.0003% hydrogen peroxide (NiDAB), which generates an insoluble black reaction 

product. After further rinsing, the sections were mounted in rostrocaudal sequence on gelled 

slides and coverslipped under Permount (Fisher, St Louis, MO).

Additional single labeling protocols; outlines of RMTg, VTA/SNc and LPO—In 

order to define the boundaries of the RMTg in rats where it was targeted for Ctβ injections, 

separate series of sections were processed with anti-μ-opioid receptor 1A (Mor) antibody 

(see Primary Antibodies section below) or, if the rat had been injected with amphetamine 

before being perfused, anti-Fos (see Primary Antibodies section below), both made in rabbit 

and used at a dilution of 1:5000. The sections were processed further as described above 

except that a secondary antbody made in donkey against rabbit IgGs (Jackson) was used (at 

a dilution of 1:200).

To reveal boundaries of the VTA/SNc, a series of sections was immersed in 0.1 M SPB-t 

containing anti-TH antibody (see Primary Antibodies section below) made in mouse at a 

dilution of 1:5000. The following day, the sections were rinsed in 0.1 M SPB-t and 

immersed for one hour in 0.1 M SPB-t containing biotinylated antibody made in donkey 

against mouse IgGs at a dilution of 1:200. Afterward, the sections were rinsed in 0.1 M 

SPB-t and then immersed for one hour in 0.1 M SPB-t containing ABC at a dilution of 

1:200. After rinsing in 0.1 M SPB-t, the sections were reacted in 0.1 M SPB containing 

0.05% DAB and 0.003% hydrogen peroxide, which generates an insoluble brown reaction 

product, and mounted onto subbed glass slides. The DAB reaction product was intensified 

by placing the slides sequentially through 0.005 % aqueous OsO4 and aqueous 

thiocarbohydrazide (0.1 mg/100 ml H2O) followed by a second immersion in the osmium 

solution, with brief rinses between. The sections were then coverslipped with Permount.

Distinguishing the LPO and surrounding forebrain regions, including the medial preoptic 

area (MPO), ventral pallidum (VP), sublenticular extended amygdala (SLEA), bed nucleus 

of the stria terminalis (BST), and nucleus of the horizontal limb of the diagonal band (HDB) 

was approached with the aid of sections processed to show various immunohistochemical 

markers, including nitric oxide synthase (Nos), calbindin (CB) and parvalbumin (PV). Series 

of brain sections were first rinsed in 0.1 M SPB-t and then immersed overnight in 0.1 M 
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SPB-t containing antibodies against PV or Nos at a concentration of 1:5000. The following 

day, the sections were rinsed in 0.1 M SPB-t and immersed for one hour in 0.1 M SPB-t 

containing biotinylated antibody made in horse against mouse IgGs at a dilution of 1:200 

(Jackson). Afterward, the sections were rinsed in 0.1 M SPB-t and then immersed for one 

hour in 0.1 M SPB-t containing ABC reagents at a dilution of 1:200. For preparations used 

to show only PV or Nos immunoreactivity, the sections were rinsed in 0.1 M SPB-t, and 

reacted in DAB and mounted onto subbed glass slides. The DAB reaction product was then 

intensified as described above and the sections were coverslipped with Permount. Sections 

reacted with PV antibodies and intended to undergo further processing to reveal 

immunoreactivity against CB were instead reacted with NiDAB. The sections were then 

rinsed in SPB-t and immersed overnight in SPB-t containing polyclonal anti-CB made in 

goat and used at a dilution of 1:5000. The following day, after having been rinsed again in 

0.1 M SPB-t, the sections were immersed for one hour in 0.1 M SPB-t, containing 

biotinylated antibody made in donkey against goat IgGs at a dilution of 1:200 (Jackson). 

Afterward, the sections were rinsed in 0.1 M SPB-t and then immersed for one hour in 0.1 

M SPB-t containing ABC reagents at a dilution of 1:200. After rinsing in 0.1 M SPB, the 

sections were reacted in DAB, rinsed in 0.1 M SPB, mounted onto subbed glass slides and 

coverslipped with Permount.

Double labeling immunofluorescence protocol—One series of sections from cases 

injected at two separate sites with different tracers was first rinsed in 0.1 M SPB-t and then 

immersed overnight in 0.1 M SPB-t containing anti-Ctβ at a concentration of 1:4000. The 

following day, the sections were rinsed in 0.1 M SPB-t and immersed for one hour in 0.1 M 

SPB-t containing DyLight 488 conjugated to anti-sheep IgG made in donkey (Jackson, 

catalog No. 713-485-14), which recognizes the anti-Ctβ IgG made in goat, used at a 

concentration of 1:200. The sections were rinsed in 0.1 M SPB-t and immersed overnight in 

0.1 M SPB-t containing rabbit anti-FG at a concentration of 1:5000. The following day, the 

sections were rinsed in 0.1 M SPB-t and immersed for one hour in 0.1 M SPB-t containing 

DyLight 594-anti-rabbit conjugate (Jackson) at a concentration of 1:200. The sections were 

rinsed in 0.1 M SPB-t and mounted onto gelatin-coated slides and coverslipped with 

ProLong Gold antifade reagent (Invitrogen).

Primary Antibodies

Table 1 gives the antigens, descriptions of immunogens, source information and working 

concentrations, which were determined directly from working solutions with the aid of 

NanoDrop 2000 instrumentation and software in IgG mode (Thermo Scientific, USA), of the 

antibodies used in the study. Additional information about the antibodies is provided below.

anti-CB—This is a monoclonal antibody (clone CB-955) raised against purified bovine 

kidney calbindin-D 28 kD and isolated from mouse ascites fluid. The vendor states that [1] 

the antibody does not react with other members of the EF-hand family such as calbindin-D 

9K, calretinin, myosin light chain, parvalbumin, S-100a, S-100b, S100A2 (S100L) and 

S100A6 (calcyclin); [2] species cross-reactivity was observed with human, bovine, goat, 

sheep, porcine, rabbit, dog, cat, guinea-pig, rat and mouse; [3] a weaker reactivity was 

observed with chicken CB.
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Anti- Ctβ—The goat polyclonal antibody was raised against Ctβ (choleragenoid) itself.. Ctβ 

immunostaining was observed only in brains that had received injections of the tracer and 

only at the injection sites and in retrogradely labeled neurons and anterogradely labeled 

axons. Immunoprocessed sections from brains lacking Ctβ injections were devoid of 

reaction product.

Anti-FG—The rabbit polyclonal antibody raised against FG (hydroxystilbamidine) was 

purchased as antibody-containing serum without preservative.. The vendor states that the 

antibody also reacts with aminostilbamidine in frozen, 4% PFA-fixed tissues. In the present 

experiments, FG immunostaining was observed only in brains that had received injections of 

the tracer and only at the injection sites and in retrogradely labeled neurons. 

Immunoprocessed sections from brains lacking FG injections were devoid of reaction 

product.

Anti-Fos—This polyclonal antibody made in rabbit. was raised against a synthetic peptide 

SGFNADYEASSSRC corresponding to amino acids 4–17 of human c-Fos and is reported 

by the vendor to recognize the ∼55-kDa c-Fos and ∼62-kDa v-Fos proteins and to not 

cross-react with the ∼39- kDa Jun protein.

Anti-Mor—This polyclonal antibody made in rabbit was raised against a synthetic peptide 

corresponding to amino acids LENLEAETAPLP at the COOH terminus of μ-opioid receptor 

subtype μ-MOR-1A. In the present experiments, the antibody stains rat brain sections in a 

manner consistent with literature descriptions of the distribution of brain Mor 

immunoreactivity (see, e.g., Schulz et al., 1998). Preabsorption with the cognate peptide 

abolished immunohistochemical staining.

anti-Nos—This is a polyclonal antibody raised in rabbit against amino acids 251-270 of 

nitric oxide synthase (GDNDRVFNDLWGKDNVPVILC) conjugated to keyole limpet 

cyanin. NOS immunoreactivity was abolished in our hands by preabsorption with the 

cognate peptide (10 μg/ml).

anti-PV—This is a monoclonal antibody raised against purified carp muscle parvalbumin 

and isolated from mouse ascites fluid. The vendor states that [1] the antibody is 

immunospecific for parvalbumin as determined by indirect immunoperoxidase staining and 

immunoblotting; [2] the antibody reacts specifically with parvalbumin of cultured nerve 

cells and tissue originating from human, monkey, rat, mouse, chicken and fish; [3] it 

specifically stains the 45Ca-binding spot of parvalbumin (M.W. 12,000, pl of 4.9) by 

immunobinding.

anti-TH—This is a mouse monoclonal antibody purified from PC12 cells. The antibody is 

supplied as ascites fluid with 3% BSA and no preservative. According to the vendor, the 

antibody recognizes an epitope on the outside of the regulatory N-terminus of TH. In 

Western blots, the antibody recognizes a protein of approximately 59-63 kDa. It does not 

react with the following on Western Blots: dopamine-beta-hydroxylase, phenylalanine 

hydroxylase, tryptophan hydroxylase, dehydropteridine reductase, sepiapterin reductase, or 

phenethanolamine-N-methyl transferase. In our hands, the anti-TH antibody stains rat brain 
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sections in a manner fully consistent with literature descriptions (e.g., Lindvall and 

Björkland, 1983; Hökfelt et al., 1984).

Maps and photomicrographs

Retrogradely labeled neurons were plotted with the aid of an Olympus BX51 microscope 

using 10× and 20× objectives and a dedicated hardware-software platform (Neurolucida, 

MBF Bioscience, Williston, VT). Images for illustration were captured with a DVC 

2000C-00-GE-MBF digital camera and adjusted for contrast and brightness with Adobe 

Photoshop CS2 software. Maps of plotted sections were prepared for illustration using 

Adobe Illustrator CS2 software (San Jose, CA). The analyses comprised evaluations of 

sequences of frontal sections, each carefully selected so as to provide sampling of each brain 

at precisely the same 30 rostrocaudal levels. That is, every rostrocaudal level, with the same 

complement of brain structures, was represented in all mapped cases. Data generated in this 

way were utilized exclusively to compare like sections and groups of like sections with each 

other.

Quantitation of retrogradely-labeled neurons

Brain structures were outlined on the sides of the brains ipsilateral to injection sites, except 

where indicated, by reference to the rat brain atlases of Paxinos and Watson (2007) and 

Paxinos et al. (1999), and our own in-house maps of basal forebrain immunoprocessed to 

show substance P, CB, PV, Nos, Mor and TH, which, together, served to delineate several 

striatopallidal, extended amygdala and ventral mesencephalic and mesopontine structures 

(Zahm et al., 2014). All outlined structures were present in at least two levels, except for the 

rostral pole of the accumbens (Acb) and lateral preoptic (LPO)-lateral hypothalamus (LH) 

transition, which were present in one. Plotting was done as described in the preceding 

section and retrogradely labeled neurons were counted with the aid of NeuroExplorer 

software (MBF Bioscience, version 4.70.3) in whole sections and individual brain structures. 

Averages per section and structure for each experimental group - VTA, RMTg and LHb - 

were computed.

To control for within-group variability in injection size, data were standardized for each 

injection site (VTA, RMTg and LHb) as mean total labeled (n = 3)/total labeled (each case) 

× data from each level or structure. Standardized and raw data turned out to be similar, 

however, and raw data were ultimately used and illustrated in the Results. Numbers of 

retrogradely labeled cells per level (whole sections) were expressed as means±SEM (n=3 for 

each of the 3 injection sites), which were compared with a two-way mixed ANOVA 

(injected structure × section level). Retrogradely labeled neurons in individual brain 

structures were also expressed as means±SEM and these were compared using one-way 

ANOVA followed by Tukey's posthoc test. In those instances where only two structures 

were being compared (e.g., if the third structure had no retrogradely labeled neurons), the 

Bonferroni Student's t test was used. For all statistical tests, the criterion for significance was 

set at p<0.05.
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Mapping and quantitation of immunofluorescence double-labeling

Visualization of immunofluorescence preparations was accomplished with the aid of the 

epifluorescence capability of the Olympus BX51 microscope supplemented by a dual-band 

fluorescence filter set (Chroma Technology Corp, Brattleboro, VT) with excitation bands at 

480-505 and 560-590 nm, and emission bands at 505-545 and 600-650 nm, for green 

(DyLight 488) and red (DyLight 594) fluorescence, respectively. This renders single labeled 

neurons red and green and double-labeled neurons yellow, all of which were captured in 

photomicrograph montages spanning the basal forebrain. For illustration, red in the digital 

images was replaced with magenta with the aid of Adobe Photoshop CS software. The 

fidelity with which double-labeling is detected by the dual filter was previously validated 

with the aid of laser scanning confocal microscopy (Reynolds et al., 2005). Mapping of the 

photographed neurons was done with the aid of Neurolucida software allowing 

photomicrographs to be ‘sewn’ into manually outlined sections such that photographed 

structures are precisely in register with their positions in the immunoprocessed sections. 

With this accomplished, Neurolucida software was utilized to generate plots showing the 

positions of single and double-labeled neurons in the sections. The plots were superimposed 

over maps of corresponding sections drawn from series processed with the aid of 

immunohistochemical markers appropriate to exhibit basal forebrain nuclear organization, 

as described in the section above entitled ‘Additional single labeling protocols - outlines of 

RMTg, VTA/SNc, LPO’. Numbers of single- and double-labeled neurons in various basal 

forebrain structures were counted in order to generate means±SEM for each structure (n=7 

for LHb and RMTg and n=3 for VTA and RMTg). The data were tested with a one-way 

ANOVA followed by Dunnett's multiple comparisons test.

Results

Tracer injections and retrograde labeling

Representative examples of Ctβ tracer deposits into the RMTg, VTA and LHb are illustrated 

in Figure 1. Tracer deposits into the RMTg (Fig. 1A and B) were centered over mid to 

caudal levels of that structure as revealed by immunohistochemical preparations showing 

Mor immunoreactivity (Fig. 1B) or Fos immunoreactivity elicited by D-amphetamine. 

Deposits into the VTA (Fig. 1C) occupied nearly its entire extent in the mediolateral axis 

and about one-half of it in the rostrocaudal axis as revealed by TH-immunoreactivity. Tracer 

injections into the LHb were centered within its middle one-third in the rostrocaudal axis 

and involved its medial and lateral divisions (Fig. 1D).

All of the targeted injection sites gave rise to an abundance of retrograde labeling 

throughout the brain, which consisted of homogeneous and/or punctate accumulations of 

DAB reaction product in neuronal perikarya and proximal dendrites. The numbers of 

retrogradely labeled neurons and the patterns in which they were distributed in various brain 

structures distinguished injections of Ctβ into the RMTg, VTA and LHb (see below).

Mapped retrograde labeling

Patterns of retrograde labeling—The three sites targeted in this study, RMTg, VTA 

and LHb, gave rise to patterns of retrograde labeling that were distinct along the 
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rostrocaudal axis of the brain and ipsilateral (Fig. 2A) and contralateral (Fig. 2B) to the 

injections. Of the three, VTA injections produced the most prominent labeling in the 

ipsilateral forebrain (levels 3-10 in Fig. 2A), whereas few neurons were present in the 

contralateral forebrain following any of the tracer injections (levels 1-10 in Fig. 2B). 

Alternatively, injections of tracer into the VTA and RMTg produced relatively numerous 

labeled neurons in the ipsilateral and contralateral rostral brainstem, albeit with slightly, but 

significantly fewer contralateral VTA-projecting than contralateral RMTg-projecting 

neurons (levels 18-24 in Fig. 2A and B). In contradistinction, contralateral LHb-projecting 

neurons were nearly absent along the entire length of the series of evaluated levels, except at 

level 11 (Fig. 2B). It was only between the forebrain and brainstem, at diencephalic levels 

(levels 11-17), that all three of the injection sites were well represented by ipsilateral labeled 

neurons, ranking, from greatest to least, LHb-, VTA- and RMTg in the rostral half (levels 

11-13 in Fig. 2A) and RMTg-, VTA- and LHb in the caudal half (levels 13-15 in Fig. 2A) of 

the diencephalic stretch. As in the brainstem, the ipsilateral patterns of diencephalic labeling 

were mirrored on the contralateral side of the brain, but by many fewer labeled neurons 

(levels 11-15 in Fig. 2B). An additional, moderate bump in the numbers of RMTg-

projecting, as compared to VTA- and LHb-projecting, neurons was present in the caudal 

brainstem both ipsilateral and contralateral to tracer injections (levels 25 and 26 in Figs. 2A 

and B). Statistical comparisons asserted in this paragraph are reported in Figure 2 and Table 

2. The differences in numbers of labeled projections along the rostrocaudal axis encouraged 

that the analysis of labeling be extended to brain structures, to be described in the following 

section.

Retrograde labeling in brain structures—Collectively, injections of tracer into the 

VTA, RMTg and LHb produced retrograde labeling in 70 brain structures listed in Fig. 3, 

which provides means±SEM of the actual numbers of labeled neurons ipsilateral to injection 

sites (except where noted) in three cases for each site. Results of post-hoc tests are shown in 

the figure and the associated ANOVA results are provided Table 3. Note, consistent with the 

prominence of ipsilateral forebrain labeling following VTA injections shown in Figure 2, 

that the numbers of labeled neurons were substantially greater following VTA as compared 

to RMTg and LHb injections in numerous forebrain structures listed in Figure 3 under ‘B. 

Deep telencephalic nuclei (not amygdala)’ and ‘C. Amygdala and extended amygdala’, 

including the Acb (Fig. 4A-C), ventral pallidum (VP), bed nucleus of stria terminalis, 

sublenticular extended amygdala, interstitial nucleus of the posterior limb of the anterior 

commissure (IPAC) and anterior amygdaloid area. A structure that underlies the infralimbic 

cortex and has been associated in previous accounts (e.g., Luskin and Price, 1983; Geisler 

and Zahm, 2005; Geisler et al., 2007; Yetnikoff et al., 2014b) with the dorsal peduncular 

cortex (see under ‘A. Cortex’ in Fig. 3) also exhibited many more retrogradely labeled 

neurons packed in a dense, non-laminar aggregation after VTA (Fig. 4D) as compared to 

RMTg (Fig. 4E) and LHb (Fig. 4F) injections. Neurons intimately related to the margin of 

the magnocellular part of the hypothalamic paraventricular nucleus (PaHmc) also were more 

numerous and strongly labeled following VTA (Fig. 4G) and RMTg (Fig. 4H) injections 

than after LHb (Fig. 4I) injections, whereas a hypothalamic region interposed between the 

PaH and LH and designated (Paxinos and Watson, 2007) as the juxtaparaventricular lateral 

hypothalamus (jPaLH), exhibited more labeling after LHb injections (Fig. 4G-I). 
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Alternatively, RMTg injections produced much more retrograde labeling in the LHb (listed 

in Fig. 3 under ‘D. Thalamus, epithalmus and hypothalamus’) than VTA injections, 

contributing to the prominent diencephalic labeling observed following RMTg injections at 

levels 12-15n Figure 2A, much as robust labeling in the deep layers of the superior 

colliculus (SC) contralateral to RMTg injections (Fig. 5A, also listed in Fig. 3 under ‘E. 

Mesopontine region and cerebellum’) likely explains the dominant contralateral brainstem 

labeling from RMTg injections exhibited at levels 17-21 in Figure 2B. Light to moderate 

bilateral labeling biased ipsilaterally was present in the deep SC after VTA injections (Fig. 

5B) and slight, entirely ipsilateral labeling was seen after injections into the LHb (Fig. 5C). 

Labeling in the deep cerebellar nuclei explains the bump observed only after RMTg 

injections shown at levels 25 and 26 on both sides of the brain (Fig. 2A and B) and modest, 

but significant, majorities of retrogradely labeled neurons occupied the retrorubral area, 

dorsomedial tegmental area, pontine reticular formation and raphe interpositus following 

RMTg as compared to VTA and LHb injections of tracer (also under ‘E. …’ in Fig. 3).

Other than the aforementioned ipsilateral jPaLH, only the ipsilateral (Fig. 6 and Fig. 2A, 

level 11) and contralateral (Fig. 2B, level 11) LPO at the level where it transitions to the LH, 

exhibited significantly more labeling following injections into the LHb. For the purpose of 

quantitation illustrated in Figure 3 and Table 4, the LPO-LH transition was represented by a 

single level (level 11 in Fig. 2). The aggregation of retrogradely labeled neurons produced in 

the LPO-LH transition by LHb injections had a distinctive dorsomedial to ventrolateral tilt 

(Fig. 6A, compare with Fig. 6C and E), as did the somatodendritic orientations of many of 

the tightly packed labeled neurons that comprise it (Fig. 6B, compare with Fig. 6D and F). 

Less robust differences characterized labeling from tracer injections into the RMTg, VTA 

and LHb in more rostral parts of the LPO, where the numbers of labeled neurons only 

trended toward greater following LHb injections as compared to VTA and RMTg injections. 

Similarly, labeling in the anterior hypothalamic area (AHA) medially adjacent to the caudal 

LPO and LPO-LH transition region (Fig. 3, subheading D) trended toward greater labeling 

following LHb injections, although the differences were not significant with our groups of 3 

cases/injection site. A complete listing of the respective subsets of structures of which all 

had significantly more labeled neurons after one of the tracer injections than either or both 

of the other two is provided in Table 4A-C. (Statistical results reported in Fig. 3 and Table 3 

also apply to Table 4. For the convenience of the reader the results of post hoc tests are 

repeated in Figure 3 and Table 4.) Notably, injections of tracer into the LHb also produced 

retrograde labeling in a subset of other structures in which significantly fewer labeled 

neurons were produced than after injections of tracer into the VTA, RMTg, or both (Table 

4D).

It is noteworthy that fifty structures (71% of the total) listed in Figure 3 were labeled 

following injections into any of the three tracer-targeted injection sites, indicating that 

structures that provide input to all three of the targeted structures are numerous and 

represented widely throughout the brain. In this regard, Table 4E lists 24 structures in which 

statistically similar numbers of labeled neurons were obtained following injections of tracer 

into any of the targeted injection sites. Injections of tracer into the VTA and RMTg 

retrogradely labeled the greatest number of structures (64 [91.4% of total structures labeled 
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in the study] and 63 [90%], respectively), whereas only 56 [80%] of them were labeled 

following injections into the LHb, which fits with the observation that the mean total 

number of labeled neurons in the analyzed series of sections from brains that received tracer 

injections in the LHb (17,434±4031) were significantly fewer (F2,6 = 11 08, p<0.01) than 

the mean values recorded after the VTA (p<0.05) and RMTg (p<0.05) tracer injections 

(35,215±874 and 33,057±2912, respectively), which were statistically equivalent to each 

other.

Another way of explicating these complex data is to express the numbers of labeled neurons 

in structures in terms of the proportions (percent) of total labeling they represented in the 

respective cases (Table 5, summarized in graphic format in Fig. 7). This approach reveals 

that, following injections into the VTA, RMTg and LHb, respectively, each of 47, 42 and 48 

retrogradely labeled structures contained less than 1.25% of total labeled neurons on 

average, whereas 20, 25 and 18 labeled structures contained only 1.125 to 5% (Fig. 7). Only 

3, 3 and 4 of labeled structures contained more than 5% of total labeling and the greatest 

proportional labeling observed in the study was only about 14%, which occurred in the LPO 

following injections of tracer into the LHb (Table 6).

Neurons projecting by axon collaterals to both the RMTg and LHb or VTA—
The distribution of single- and double-labeled neurons (Fig. 8) in the LPO and nearby 

forebrain structures following injections of FG into the RMTg and CTβ into the VTA or 

LHb of the same rat are shown in Figures 9 and 10, respectively. Quantitation of the labeling 

(Fig. 11) revealed that mean numbers of double-labeled neurons following intra-subject dual 

injections into the RMTg and LHb were significantly significantly greater in the ipsilateral 

(F5,36 = 9.570, p<0.0001), but not contralateral (F5,36= 2.229, not significant), LPO as 

compared to adjacent basal forebrain regions, which fits with the dominant concentration of 

retrogradely labeled neurons in the LPO following LHb injections of tracer (Table 6). In 

contrast, the numbers of double-labeled neurons in the LPO after injections into the RMTg 

and VTA in the same rat were no different than those in surrounding basal forebrain 

structure (ipsilateral LPO: F5,12 = 2.002, not significant; contralateral LPO: F5,12 = 0.8943, 

not significant).

Discussion

The undoubtedly misleading impression that non-habenular inputs to the RMTg and VTA 

are equivalent (Jhou et al., 2009a; Kaufling et al., 2009) is dispelled by data reported here, 

which show fundamental differences in the patterns of distribution of these two sets of 

afferents along the length of the neuraxis and on different sides of the midline. The data 

indicate furthermore that, while the afferents of the RMTg and VTA do originate within 

essentially the same large pool of CNS structures, of which a sizable majority indeed 

projects to both with statistically equivalent numbers of neurons, each of the two regions 

also is related to structures that project more strongly to it than the other. Tracer injections 

into the VTA revealed a mainly ipsilateral surfeit of labeled neurons in structures 

comprising basal forebrain functional-anatomical systems, particularly ventral 

striatopallidum and extended amygdala, whereas tracer injections into the RMTg produced 

more prominent retrograde labeling in more caudally located structures, including the deep 
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layers of the contralateral SC and multiple brainstem sites of which nearly all exhibited 

nearly uniform bilateral labeling.

In view of its known projections to and reported impact on the activities of both the VTA 

(Herkenham and Nauta, 1979; Ji and Shepard, 2007; Kim, 2009) and RMTg (Ji and 

Shepard, 2007; Jhou et al., 2009a; b; Hong et al., 2011; Balcita-Pedino et al., 2011), the LHb 

was included in this study. It was found that LHb afferents arise in many of the same 

structures that project to the RMTg and VTA. However, after tracer injections into the LHb 

as compared to the VTA and RMTg, the numbers of retrogradely labeled structures and 

neurons/structure were generally fewer. Nonetheless, two structures aligned along the VP-

LPO-LH continuum, the LPO-LH transition and jPaLH, were found to exhibit greater 

numbers of neurons projecting to the LHb as compared to the VTA and RMTg. 

Furthermore, a number of structures, including particularly the entopeduncular nucleus 

(EPN), which exhibited no labeling following injections of tracer into the VTA and RMTg, 

were modestly labeled following LHb injections. Consistent with the present emphasis on 

the LHb-RMTg axis in responses to reward omission and aversive stimuli (see Intro for 

refs.), the RMTg and LHb received a greater proportion of their input than did the VTA 

from the prelimbic and cingulate cortices, which have been linked to aversive responding 

(e.g., Stern et al., 2010; Lammel et al., 2012; Jiang et al., 2014).

The general pattern of innervation was interestingly similar across the three structures 

evaluated in this study. The vast majority of inputs to each of the targeted structures arises in 

many structures that individually provide small percentages of total innervating neurons, 

whereas just a few structures provide more substantial numbers of innervating neurons to 

each and these differ for each of the targeted structures. This framework thus pits sets of 

distinct, potentially dominant inputs from a few innervating structures against many shared, 

small inputs from a large group of structures, of which each may exert small influence, the 

former possibly being countebalanced by the latter in the service of function that is at once 

stable and flexible. It would be interesting to know the extent to which such a framework 

that features both shared and distinct connectivity generalizes to other relevant forebrain and 

brainstem structures, such as, e.g., the PPTg (Floresco et al., 2003) and LDTg (Lodge and 

Grace, 2006a).

The present results should not be surprising in that one expects that the connections of 

different CNS structures should differ. However, one functional outcome to which all 

afferents revealed in this study contribute - modulation of activity in the mesotelencephalic 

DAergic pathway - is of such importance to adaptive and addictive behavior as to encourage 

all efforts to explicate the underlying neural organization. In view of this, we would like to 

consider the functional and behavioral implications of the present data after first discussing 

some pitfalls and limitations that may accompany them.

Methodological considerations—Data from the tracer injections utilized in this study 

are subject to error attributable to [1] spread of tracer into structures other than those 

targeted and [2] uptake of tracer by fibers of passage. Accordingly, we used small pipette 

tips and low ejection currents to strike a balance between the size and efficacy of injection 

sites (as discussed in, e.g., Zahm et al., 2011b; 2013) and selected cases for analysis with 
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tracer injections that were centered within and more or less filled the targeted structures. 

Consequently, LHb injections impinged to varying degrees on medial habenula, as did 

RMTg injections on the median raphe. As regards the known interdigitation of the rostral tip 

of the RMTg with the caudal VTA (Jhou et al., 2009a; Lavezzi and Zahm, 2011), cases were 

selected that involved the caudal and rostral two-thirds of the RMTg and VTA, respectively, 

such that inputs to the region where both are present were not addressed here.

A customary control is to make injections of tracer into structures adjacent to the structure of 

interest in order to assess the extent to which labeling associated with that structure actually 

reflects projections of the adjacent structures. This control was omitted in the present study 

due to its inclusion in other previously published reports on the afferent connections of the 

three structures studied herein (for RMTg - Jhou et al., 2009a; Kaufling et al., 2009; for 

VTA - Phillipson, 1979; Oades and Haliday, 1979; Zahm et al., 2001; Geisler and Zahm, 

2005; 2006; Geiser et al., 2007; for LHb - Herkenham et al., 1979). The present tracing data 

were fully consistent with those published results. Finally, it requires emphasis that the 

injections made in this study were sufficiently big so as to preclude assessment of specificity 

due to topographic ordering of inputs to the evaluated structures. Specifically, the RMTg, 

VTA and LHb exhibit a mediolateral, rostrocaudal and dorsoventral ordering of certain 

inputs and outputs (e.g., Geisler et al., 2005; Jhou et al., 2009b; Gonçalves et al., 2012; Sego 

et al., 2014) that would be neglected in the present data, which reflect afferents of the entire 

structures.

Beyond conventional concerns about uptake of tracer due to injection-related damage to 

fibers of passage, the problem of uptake of tracer must also be considered in light of the 

observation that, in the forebrain and brainstem, many projecting axons are decorated all 

along their distal trajectories with axonal varicosities, which are thought to be the main 

substrate for uptake of tracer (Zahm et al., 2011b). This property of axons could confound 

retrograde tracing data, particularly after injections of tracer into different structures aligned 

along complex CNS pathways, such as, e.g., the medial forebrain bundle (Nieuwenhuys et 

al., 1982), that pass sequentially through numerous structures. Despite the potential 

challenge to interpretation posed by this anatomical arrangement, empirical observations 

have revealed that tracer injections at different sites along such pathways typically give rise 

to distinct patterns of retrograde labeling (Zahm et al., 2011b). Another concern involves the 

possibility that a disproportionately dense axonal projection field may arise from a relatively 

small number of neurons, such as is observed, e.g., in the RMTg following retrograde tracer 

injections into the VTA and SNc to which the RMTg projects with exceptional density (Jhou 

et al., 2009a; b; Lavezzi and Zahm, 2011). These considerations together encourage caution 

in preemptively assigning functional significance to differences in numbers of retrogradely 

labeled neurons, the interpretation of which should instead be contingent upon the results of 

supplemental analyses, including, at the least, reciprocal anterograde axonal tracing. Thus, 

the retrograde labeling reported herein is regarded simply as an essential first step to a more 

comprehensive anatomical and functional dissection of the connectional relationships.

VTA—Although having been studied extensively with retrograde and anterograde tracing 

methods (recently reviewed in Fields et al., 2007; Sesack and Grace, 2010; Yetnikoff et al., 

2014a), the connections of the VTA are unlikely as yet to have been fully revealed, insofar 
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as additional potentially important details regarding that connectivity continue to emerge. In 

the present study, for example, we observed that VTA-projecting neurons are intimately 

associated with the PaHmc, as if partially encapsulating it. While a projection from the PaH 

to the VTA has previously been reported (Geisler and Zahm, 2005; Geerling et al., 2010), 

this new finding may have important functional implications meriting further study. Another 

structure that previously has attracted little attention, having been lumped with the dorsal 

peduncular cortex (DP, e.g., Luskin and Price, 1983; Geisler and Zahm, 2005; Geisler et al., 

2007; Yetnikoff et al., 2014b), was shown by the present data to be very robustly labeled 

following injections of tracer into the VTA. The non-laminar organization of this structure 

argues against a purely cortical categorization and a preliminary examination of its afferent 

and efferent connections (Roby et al., 2014) revealed that it has robust reciprocal 

connections with the olfactory bulb, anterior olfactory nucleus, piriform cortex and 

numerous forebrain and hypothalamic structures and a distinctively fine grained and dense 

input to the VTA and medial SNc. These features distinguish it from the DP and other 

medial prefrontocortical structures and Roby et al. (2014) have conditionally referred to it as 

the deep frontal nucleus. It may turn out to be an important relay for modulation of the basal 

forebrain, hypothalamus and mesolimbic dopamine system by olfactory stimuli.

RMTg—The RMTg is a recent addition to the important connectional partners of the VTA 

(Jhou et al., 2005; Perrotti et al., 2007; Jhou et al., 2009a; b; Kaufling et al., 2009; Balcita-

Pedicino et al., 2011) with significant functional and behavioral associations that presently 

are mainly regarded as reflecting its role in relaying the influence of the LHb to the VTA, 

particularly as regards reward omission and responses to aversive stimuli (Jhou et al., 2009b; 

2013; Hong et al., 2011; Lecca et al., 2010; 2011; Matsui and Williams, 2011; Matsui et al, 

2014). However, modulation of midbrain DAergic activity by the RMTg may transcend this 

limited role, insofar as injections of tracer into the RMTg, as compared to the VTA and 

LHb, produced significantly more retrogradely labeled neurons in cerebellar nuclei, deep 

layers of the superior colliculus contralateral to the tracer injection, retrorubral field, pontine 

reticular formation, dorsomedial tegmental area and raphe interpositus - all structures that 

have been shown or are thought to have significant roles in regulating motor, including 

visuomotor, function (e.g., Sahibzada et al., 1986; Dean et al., 1988; von Krosigk and Smith, 

1991; Newman and Ginsberg, 1992; von Krosigk et al., 1992; Arts et al., 1998; Arts and 

Cools, 1998; 1999; 2000; Isa and Sasaki, 2002; Colussi-Mas et al., 2007; Hittinger and 

Horn, 2012; Pisotta I, Molinari M. 2014; Thach, 2014). Consistent with previous studies 

(Jhou et al., 2009a; b; Kaufling et al., 2009), the present data also identified the VP-LPO-LH 

continuum as a major input to the RMTg (see also Zahm et al., 2011a), stimulation of which 

is often reported to powerfully activate locomotion (Mogenson and Nielsen, 1983; 

Mogenson et al., 1983; 1985; 1993; Shreve and Uretsky, 1988; 1989; 1991; Austin and 

Kalivas, 1989; 1990; 1991; Kalivas et all., 1991; Mogenson and Yang, 1991; Willens et al., 

1992; Johnson et al., 1996; Gong et al., 1999; Johnson and Napier, 2000; Chen et al., 2001; 

June et al., 2003; Hubert et al., 2010; Zahm et al., 2014). The LHb relay through the RMTg 

also is not entirely devoid of implications for motor function (see below). Accordingly, 

some recent investigations have emphasized that direct stimulation of the RMTg suppresses 

locomotor activation (Lavezzi et al., 2014) as well as motor learning and performance 

(Bourdy et al., 2014).
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LHb—The LHb is reported to modulate stress response, affliliative behavior, nociception, 

circadian rhythms, learning and reward (Sutherland, 1982; Lecourtier and Kelly, 2007; 

Geisler and Trimble, 2008), among which, especially in recent studies, negative responding 

to aversive stimuli and reward omission has received particular attention (Jhou et al. 2009a; 

2013; Hong et al., 2011; Hennigan et al., 2015). The LHb is a powerful modulator of the 

activity of neurons in the RMTg, and, both directly and via its relay in RMTg, in the VTA 

(Balcita-Pedicino et al., 2011; Hong et al., 2011). Consistent with the classic study of 

Herkenham and Nauta (1977), we observed that the LHb gets abundant inputs from many of 

the same structures that project to the RMTg and VTA, but, according to the quantitative 

comparisons reported herein, significantly fewer, both in terms of total numbers of labeled 

neurons and numbers of structures with labeled neurons. Contrary to this trend, however, 

nine structures with no observed projections to the RMTg or VTA contained retrogradely 

labeled neurons after LHb injections. These included several thalamic nuclei that project 

only sparsely to the LHb, the retrosplenial cortex (still to be validated with anterograde 

tracing) and the aforementioned EPN. While only modest numbers of retrogradely labeled 

neurons are observed in the EPN following tracer injections into the LHb (present results), 

anterograde tracing indicates that the projection gives rise to abundant axonal terminations 

mainly in the lateral part of the LHb (Yetnikoff et al., 2013; Zahm, unpublished results), 

consistent with earlier retrograde tracing data (Herkenham and Nauta, 1977). Insofar as the 

medial and lateral parts of the LHb project preferentially to the medial and lateral parts of 

the RMTg (Araki et al., 1988; Jhou et al., 2009a; b; Kim, 2009; Gonçalves et al., 2012), 

which, in turn, more strongly innervate the VTA and SNc, respectively (Jhou et al., 2009b; 

Gonçalves et al., 2012), the EPN would be expected to recruit RMTg modulation mainly of 

DAergic activity in the SNc and thus affect associated motor control. Shabel et al. (2012) 

have reported on neurons in the monkey globus pallidus internal segment (GP) that provide 

excitatory input to the LHb, whereas Hong and Hikosaka (2013) have emphasized that these 

are located mainly in the underlying part of the substantia innominata and a part of the GP 

so ventral as to be denoted as basal (GPb). Consequently, the systems affiliations of these 

LHb-projecting neurons are questionable at present.

Our data from rat indicate that it is the VP-LPO-LH continuum, however, that contains the 

most neurons projecting to the LHb. Whereas about equivalent absolute numbers of labeled 

neurons occupied most of the VP-LPO-LH following LHb, VTA and RMTg injections of 

tracer, significantly more filled the LPO-LH transition and nearby jPaLH after LHb 

injections. Considered in relative terms, i.e., as a percent of total labeled neurons/injection, 

VP-LPO-LH projections to the LHb far exceeded those to the VTA and RMTg, thus 

indicating that by far the strongest afferent influence on the LHb (at least in terms of 

numbers of retrogradely labeled neurons) arises in the VP-LPO-LH continuum and jPaLH 

(see also Kowski et al., 2008).

Dual injections—Because abundant and relatively equivalent numbers of basal forebrain 

neurons, particularly in the VP and LPO, were found to project to the RMTg, VTA and 

LHb, we examined whether neurons project by means of axon collaterals to more than one 

of them and, if so, whether neurons doing this are segregated in particular brain structures. 

As for single tracer injections, cases were selected for analysis only if spread of injected 
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tracer was satisfactorily limited to both targeted structures. Also, because FG injections 

produced fewer immunoperoxidase labeled neurons than Ctβ injections, double-labeled 

neurons may have been underestimated in these experiments.

Whereas double-labeled neurons generated by RMTg-VTA injection pairs were scattered 

widely among forebrain and hypothalamic structures, RMTg-LHb injection pairs produced 

double-labeled neurons concentrated mainly in the VP-LPO-LH continuum, consistent with 

the tendency observed in the single labeling part of this study for LHb-projecting neurons to 

be concentrated there. Interestingly, GABAA receptor antagonists, such as picrotoxin and 

bicuculline, elicit locomotor activation more effectively, as compared to other basal 

forebrain sites, when infused into the LPO (Zahm et al., 2014). This action, in conjunction 

with the robust locomotor activation that accompanies infusion of the GABAA agonist 

muscimol into the RMTg (Lavezzi et al., 2014), suggests that LPO GABA neurons may 

inhibit RMTg neurons via one collateral and, via a second collateral, inhibit LHb neurons, 

which are known to tonically excite RMTg neurons (Jhou et al., 2009b; Lecca et al., 2010; 

2011; Hong et al., 2011; Matsui and Williams, 2011). Stimulation of such branched axons 

would, at once, both directly inhibit RMTg neurons and release them from LHb excitation, 

which would relieve RMTg-mediated tonic inhibition of VTA DAergic neurons and 

facilitate mesolimbic DA release. In a similar vein, Wasserman et al. (2013, 2014) have 

described a possibly collateralized cholinergic projection from the mesopontine tegmentum 

that inhibits the RMTg at muscarinic M4 receptors, while exciting VTA dopamine neurons 

at M5 receptors.

It is expected, however, that a converse situation exists in the absence of experimenter 

administered drug infusions. Insofar as the main input to the LPO comes from GABAergic 

medium spiny neurons of ventral pallidum, lateral septum and extended amygdala (Zahm et 

al., 1999; Zahm, 2006; Zahm et al., 2013), which likely mediate tonic suppression of LPO 

activity, this circuitry likely mediates in vivo a tonic disinhibition of RMTg activity and 

consequent suppression of DA firing and, thus, mainly behavioral inhibition.

The widespread distribution in basal forebrain of double-labeling following tracer injections 

into RMTg-VTA pairs requires some further reconciliation. Indeed, there is a conundrum 

attached to the idea of neurons projecting via collaterals both to VTA DA neurons and 

RMTg GABA neurons, insofar the actions of the two kinds of collaterals would cancel each 

other, due to the inversion of signal valence mediated by the GABAergic RMTg. The 

paradox is eliminated, however, if, instead of to DAergic neurons, the projection to the VTA 

targets local GABAergic neurons that, in turn, are connected to DAergic neurons (Lavezzi 

and Zahm, 2014). If the double-labeling seen after paired tracer injections into the RMTg 

and VTA reflects selective projections to midbrain GABAergic neurons, a coherent control 

of DAergic neuron activity from numerous basal forebrain structures would be enabled. In 

contrast to the focal LPO involvement seen after RMTg-LHb injection pairs, such 

connections could reflect a more widespread basal forebrain GABAergic system capable of 

maintaining tonic regulation of DA-mediated mesotelencephalic modulations of locomotion, 

affect and mood.
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It should be recognized as well that the VP-LPO-LH continuum also has a minority of 

excitatory, glutamatergic neurons reported to project to the VTA (Geisler et al. 2007) and 

prefrontocortical area (Hur and Zaborszky, 2005), which suggests that excitatory projections 

to the RMTg and LHb also may originate in VP-LPO-LH (see, e.g., Shabel et al., 2012; 

Hong and Hikosaka, 2013). How these might interact with GABAergic outputs to the VTA, 

RMTg and LHb is a subject for future study.

Concluding comments—Whereas recent literature has tended to portray the RMTg 

mainly as a device to relay LHb reflections of disappointment and aversion to midbrain 

dopamine neurons, the present data reveal several additional sources of input consistent with 

a broader RMTg role in the integration of motor control. Several inputs shown herein to be 

better represented in the RMTg as compared to VTA and LHb, such as cerebellum, superior 

colliculus, retrorubral area, pontine reticular formation, dorsomedial tegmental area and 

raphe interpositus, are known to contribute significantly to control of motor and orienting 

functions. The deep layers of the superior colliculus, for example, mediate orienting 

responses to visual stimuli (Sahibzada et al., 1986; Dean et al., 1988; Isa and Sasaki, 2002) 

and we have observed that turning behavior elicited by stimulating the deep colliculus is 

mitigated by stimulation of the contralateral RMTg (Lavezzi and Zahm, 2012). Furthermore, 

it is difficult to conceive that robust inputs to the LHb from the EPN, a basal ganglia output 

structure, and relays to the substantia nigra via the lateral part of the RMTg are unrelated to 

motor function. Indeed, Bourdy et al (2014) have shown that motor learning and 

performance are enhanced by inactivation and lesions of the RMTg. These considerations 

bring to mind the seminal observation that chemotoxic lesions of the dopamine innervation 

of the caudate-putamen not only mitigate stereotypic forelimb and orofacial movements 

elicited by administration of a high dose of D-amphetamine, but also restore locomotion also 

suppressed by the drug treatment (Kelly et al., 1975). Insofar as caudate-putamen outputs 

terminate densely in the EPN, one may ask if this effect on locomotion is not mediated at 

least in part by suppression of a pathway from the EPN, via the LHb and RMTg, to the SNc 

(but also see Shabel et al., 2012; Hong and Hikosaka, 2013). This circuitry could facilitate 

the execution of consummatory tasks such as ingestion, gnawing and grooming by 

mediating the necessary involuntary interruption of locomotion.

The present data on the afferent systems of the VTA, RMTg and LHb are consistent with the 

existence of opponent systems probably located mainly within the VP-LPO-LH continuum 

that negatively and positively modulate the LHb-RMTg axis and, accordingly, ascending 

DAergic pathways. The VP-LPO-LH continuum is positioned to receive and, presumably, 

integrate information carried in the outputs of all of the major cortical-subcortical functional 

anatomical systems with the exception of the dorsal striatopallidal system, which, 

nonetheless, by exploiting connectivity traversing the EPN, as described above, also targets 

the LHb-RMTg axis. Ventral striatopallidum, extended amygdala and the septal-preoptic 

system (Alheid and Heimer, 1988; Heimer and Alheid, 1991; Heimer et al., 1991a; Zahm, 

2006; Heimer et al., 2008) all have specified, but also broadly overlapping, areas of 

termination within VP-LPO-LH (Heimer et al., 1991b; Zahm and Heimer, 1993; Zahm et 

al., 1999; 2013), which, collectively, reflect the function of the entire limbic lobe of the 

cerebral cortex, including the hippocampus and laterobasal-cortical nuclei of the amygdala 
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(Heimer and Van Hoesen, 2006). The present results show that, while the afferent 

innervations of the VTA, RMTg and LHb are clearly distinct, each of these sites receives 

robust projections from the VP-LPO-LH continuum. In the case of LHb, the biggest 

component of its entire system of afferents originates there. Precise understanding of the 

composition and synaptic organization of the proposed opponent systems represents a 

formidable goal for future study.
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List of abbreviations

ac anterior commissure

Acb accumbens (a.k.a., nucleus accumbens)
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Acbc core of the Acb

Acbsh shell of the Acb

AHA anterior hypothalamic area

anti- antibody against

BST (also BNST) bed nucleus of the stria terminalis

CB calbindin

CG cingulate cortex

Ctβ cholera toxin, β subunit

DA dopamine

DCN deep cerebellar nuclei

DP dorsal peduncular cortex

DR dorsal raphe nucleus

EA extended amygdala

E/Ov ependyma/olfactory ventricle

f fornix

FG Fluorogold

Fos c-fos immediate-early gene protein

GABA gamma-aminobutyric acid

GP globus pallidus

HDB horizontal limb of the diagonal band

IL infralimbic cortex

IPAC interstitial nucleus of the posterior limb of the anterior commissure

IPN interpeduncular nucleus

jPaLH juxtaparaventricular part of the lateral hypothalamus

LH lateral hypothalamus

LHb lateral habenula

LHbL LHb, lateral part

LHbM LHb, medial part

LO lateral orbital cortex

lot lateral olfactory tract

LPO lateral preoptic area

LPO-LH LPO-LH transition area
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lv lateral ventricle

Mor µ-opioid receptor

MPO medial preoptica area

MR median raphe nucleus

Nos nitric oxide synthase

ot optic tract

ox optic chiasm

PAG periaqueductal gray

PaH paraventricular nucleus of the hypothalamus

PaHmc magnocellular part of the PaH

PaTh paraventricular nucleus of the thalamus

PPTg pedunculopontine tegmental nucleus

PrL prelimbic cortex

LH lateral hypothalamus

PV parvalbumin

RMTg rostromedial tegmental nucleus

SC superior colliculus

SLEA sublenticular extended amygdala

SNc substantia nigra compacta

SPB Sorenson's phosphate buffer

SPB-t SPB containing triton

TH tyrosine hydroxylase

Tu olfactory tubercle

VP ventral pallidum

VTA ventral tegmental area
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Figure 1. 
Photomicrographs illustrating representative cholera toxin β subunit (Ctβ) injection sites in 

the rostromedial tegmental nucleus (RMTg in A and B), ventral tegmental area (VTA in C) 

and lateral habenula (LHb in D). Outlines shown in the inset in B reflect the dense core and 

less dense periphery of the injection in relation to immunoreactivity against the μ-opioid 

receptor. See list for additional abbreviations. Scale bar: 1 mm.
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Figure 2. 
Graphs depicting numbers of VTA-, RMTg-, and LHb-projecting neurons along the 

rostrocaudal axis of the brain. Shown are means± SEM of numbers of retrogradely labeled 

neurons per brain section on the ipsilateral (A) and contralateral (B) sides relative to the 

injection site in rats injected into the VTA (open boxes), RMTg (closed triangles), and LHb 

(open circles). Approximate rostral and caudal limits of a number of relevant brain 

structures are indicated by horizontal arrows at the top of panel B. Abbreviations (left to 

right): PrL: prelimbic cortex (cx); Acb: nucleus accumbens; VP: ventral pallidum; BST: bed 

nucleus stria terminals; LPO: lateral preoptic area; LHb: lateral habenula; LH: lateral 

hypothalamus; VTA: ventral tegmental area; SC: superior colliculus; PPTg: 

pedunculopontine tegmental nucleus; DCN: deep cerebellar nuclei. VTA vs. LHb: °p < 0.05, 

°°p < 0.01, °°°p < 0.001, °°°°p < 0.0001; VTA vs. RMTg: #p < 0.05, ##p < 0.01, ###p < 

0.001, ####p < .0001; RMTg vs. LHb: *p < 0.05, **p < 0.01, *** p < 0.001, **** p < 

0.0001. Results of the ANOVAs are given in Table 2.

Yetnikoff et al. Page 30

J Comp Neurol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Yetnikoff et al. Page 31

J Comp Neurol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Bar graph illustrating the means± SEM of numbers of retrogradely labeled neurons counted 

in structures throughout the brain following injections of cholera toxin β subunit (Ctβ) into 

the ventral tegmental area (VTA, green bars), rostromedial tegmental nucleus (RMTg, 

magenta bars) and lateral habenula (LHb, black bars). The structures under each subheading 

(A. - E.) are listed in approximately rostrocaudal order. * - IPAC is interstitial nucleus of the 

posterior limb of the anterior commissure. Vertical bars with asterisks indicate statistically 

significant differences with *, **, and *** indicating p < 0.05, p < 0.01 and p < 0.001, 

respectively (Tukey's posthoc tests). Results of ANOVAs are given in Table 3
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Figure 4. 
Photomicrographs illustrating retrogradely labeled neurons in the accumbens (Acb in A-C), 

a heavily labeled structure lodged beneath the infralimbic cortex (outlined area to the right 

of IL in D-F) and the magnocelluar division of the hypothalamic paraventricular nucleus 

(PaHmc in G-I) following injections of cholera toxin β subunit (Ctβ) into the ventral 

tegmental area (VTA, panels A, D and G), rostromedial tegmental nucleus (RMTg, panels 

B, E and H) and lateral habenula (LHb, panels C, F and I). Note the density of retrogradely 

labeled neurons in the Acb (A), beneath the infralimbic cortex (D) and surrounding the 

PaHmc (G) is greatest after injection of tracer into the VTA (A, D and G), whereas it is 

densest in the juxta-paraventricular lateral hypothalamus (jPaLH in I) following tracer 

injections into the LHb (C, F and I). Insets in A, B and C are enlargements of the respective 

boxed areas in the photomicrographs. See list for additional abbreviations. Scale bar: 1 mm 

in A-C, 200 μm in D-F and 100 μm in G-I.
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Figure 5. 
Photomicrographs illustrating retrograde labeling in the deep layers of the superior 

colliculus (SC) following injections of cholera toxin β subunit (Ctβ) into the rostromedial 

tegmental nucleus (RMTg in A), ventral tegmental area (VTA in B) and lateral habenula 

(LHb in C). Insets are enlargements of the boxed areas in the respective micrographs. Tracer 

was injected into the brain to the right of the midline. Note following injection of tracer into 

the RMTg that retrograde labeling is distributed almost exclusively contralateral to the 

RMTg injection (asterisk in A). Substantially less dense labeling was distributed bilaterally 

but with an ipsilateral bias following tracer injection into the VTA (double asterisks in B). 

Following LHb injections, labeling in the SC was almost entirely ipsilateral and, although 

there were moderate numbers of labeled neurons, they were very sparsely labeled with 
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immunoperoxidase reaction product, such that higher magnification was necessary to 

visualize them (inset in C). See list for additional abbreviations. Scale bar: 1 mm.
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Figure 6. 
Photomicrographs illustrating retrograde labeling in the transition area between the lateral 

preoptic area (LPO) and lateral hypothalamus (LH) following injections of Ctβ into the 

lateral habenula (LHb, A and B), rostromedial tegmental nucleus (RMTg, C and D) and 

ventral tegmental area (VTA, E and F). Insets in B, D and F show the respective injection 

sites. Note after tracer injections into the LHb (A), that an arciform, dorsmedial to 

ventolateral oriented slab of densely packed retrogradely labeled neurons parallels the 

curved lateral margin of the anterior hypothalamic area (AHA). The somatodendritic 

architecture of many of the densely labeled neurons in that aggregation exhibits a similar 

dorsomedial to ventrolateral tilt (B). Note also that robust labeling is present in the juxta-

paraventricular lateral hypothalamus (jPaLH) and moderate numbers of labeled neurons 

occupy the AHA following LHb injections (but not statistically different). In contrast, only 

moderate numbers of neurons were present in the LPO-LH transition after injections of 
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tracer into the RMTg (C and D) and VTA (E and F) and the general shape of the labeling 

pattern is quite different from that observed after LHb injections of tracer as shown in A. 

The apparent density of labeling in the LPO-LH transition is enhanced following VTA 

injections due to the presence of many anterogradely labeled axons (E and F). Few neurons 

were present in the AHA following RMTg or VTA injections. The jPaLH contained 

moderate numbers of labeled neurons following VTA injections, as did the hypothalamic 

paraventricular nucleus, which exhibited few labeled neurons after LHb or RMTg injections. 

See list for additional abbreviations. Scale bar: 1 mm.
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Figure 7. 
Frequency histogram (presented as a line graph) showing how much of the retrograde 

labeling (binned on the abscissa as percent of total labeling) was present in how many of 

structures (ordinate, total is 70, i.e., all the structures listed in Fig. 3) following injections of 

tracer into the ventral tegmental area (VTA - open squares), rostromedial tegmental nucleus 

(RMTg - closed triangles) and lateral habenula (LHb - open circles). Note that many of the 

structures had minimal labeling (less than 0.625% of total) following all of the injections, 

whereas most of the other structures were contained in the bins representing sparse to 

moderate labeling (e.g., 0.625-5%). A remaining small minority of structures, which, of 

note, were different for each of the three injection sites (see Tables 5 and 6) exhibited a 

substantial amount of labeling (e.g., 5% or more).
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Figure 8. 
Micrographs showing single-labeled neurons (green and magenta) and double-labeled 

neurons (white arrows) in the lateral preoptic region following injections of (A) cholera 

toxin β subunit (Ctβ) into the VTA and Fluorogold (FG) into the RMTg (map is shown in 

Figure 9) and (B) FG into the LHb and Ctβ into the RMTg (map is shown in Figure 10). 

Scale bar: 100 μm.
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Figure 9. 
Map showing several sections through the basal forebrain ordered rostrocaudally from A to 

D and illustrating retrogradely labeled neurons following injection of the retrograde tracers 

cholera toxin β subunit (Ctβ) into the ventral tegmental area (circles) and Fluorogold (FG) 

into the rostromedial tegmental nucleus (crosses). Neurons exhibiting both tracers (double-

labeled) are shown as red dots. Note that the double-labeled neurons are not located 

preferentially in any particular structure (see also Fig. 10). Quantitative comparisons should 

not be made given the disparity in robustness of retrograde labeling after FG versus Ctβ 

injections. See list for abbreviations.
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Figure 10. 
Map showing several sections through the basal forebrain ordered rostrocaudally from A to 

D and illustrating retrogradely labeled neurons following injection of the retrograde tracers 

cholera toxin β subunit into the rostromedial tegmental nucleus (circles) and Fluorogold into 

the lateral habenula (crosses). Neurons exhibiting both tracers (double-labeled) are shown as 

red dots. Note that the double-labeled neurons are located preferentially in the lateral 

preoptic area, which probably reflects the greater concentration of retrogradely labeled 

neurons in the lateral preoptic area following lateral habenula injections of tracer (see also 

Fig. 11 and Table 6). See list for additional abbreviations.
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Figure 11. 
Graphs illustrating the numbers of retrogradely double-labeled neurons observed in various 

brain structures in cases in which (A) cholera toxin β subunit (Ctβ) was injected into the 

rostromedial tegmental nucleus (RMTg) and Fluorogold (FG) was injected into the lateral 

habenula (LHb) or (B) Ctβ was injected into the ventral tegmental area and FG was injected 

into the RMTg. Note that only the RMTg-LHb injection pair (A) produced preferential 

double-labeling in a particular structure, the lateral preoptic area. * - p < 0.05.
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Table 1
Table of primary antibodies used

List of the primary antibodies used in the study with their respective specifications.

Antigen Description of immunogen Source, host species, cat. #, clone 
or lot #, RRID

Working 
concentration 
used (µg/ml)

calbindin purified bovine kidney CB 28 kD Sigma Chemical Co., cat. # C9848, 
RRID: AB_476894 8.3

cholera toxin β subunit Ctβ itself List Biological Laboratories, cat. 
#703, RRID: AB_10013220 15.3

Fluorogold FG itself Millipore, cat. #AB153, RRID: 
AB_90738 30.5

Fos synthetic peptide corresponding to amino acids 4-17 
(SGFNADYEASSSRC) of human c-Fos

Calbiochem, cat. # PC38, RRID: 
AB_2313765 11.5

nitric oxide synthase
amino acids 251-270 of nitric oxide synthase 

(GDNDRVFNDLWGKDNVPVILC) conjugated to 
keyhole limpet cyanin

Sigma Chemical Company, cat. 
#N7155, RRID: AB_260795 21.5

μ-opioid receptor
synthetic peptide corresonding to amino acids 

LENLEAETAPLP at the COOH terminus of the μ-
opioid receptor

Gramsch Laboratories, cat. # 
OR-600, RRID: AB_2314811 16.0

parvalbumin purified carp muscle parvalbumin
Sigma Chemical Co., clone 

PA-235, cat. # P3088, RRID: AB 
477329

26.3

tyrosine hydroxylase tyrosine hydroxylase from PC12 cells Millipore, cat. # MAB318, RRID: 
AB_2315522 28.8
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Table 2

Validations of Statistics in Figure 2*

Panel A (ipsilateral) Significant effects

region     F (2, 6) = 9.14, p < 0.05

level     F (29, 174) = 53.97, p < 0.0001

region × level     F (58, 174) = 11.15, p < 0.0001

Post hoc tests:

Level VTA vs. LHb VTA vs. RMTg RMTg vs. LHb

3 t (180) = 3.08

4 t (180) = 4.97 t (180) = 3.79

5 t (180) = 5.50 t (180) = 4.24

6 t (180) = 7.07 t (180) = 5.38

7 t (180) =6.56 t (180) = 5.18

8 t (180) = 6.71 t (180) = 5.79

9 t (180) = 5.15 t (180) = 4.79

10 t (180) = 4.87 t (180) = 3.39

11 t (180) = 3.97 t (180) = 3.49 t (180) = 7.46

12 t (180) = 3.09 t (180) = 4.43

13 t (180) = 2.84

14 t (180) = 3.18 t (180) = 4.67

15 t (180) = 3.07 t (180) = 4.22

18 t (180) = 2.81 t (180) = 3.87

19 t (180) = 3.72 t (180) = 4.35

20 t (180) = 6.53 t (180) = 5.15

21 t (180) = 5.18 t (180) = 5.56

22 t (180) = 4.70 t (180) = 6.55

23 t (180) = 2.71 t (180) = 2.90

25 t (180) = 2.59 t (180) = 2.90

26 t (180) = 2.47 t (180) = 2.80

Panel B (contralateral): Significant effects

region     F (2, 6) = 17.54, p < 0.01

level     F (29, 174) = 59.19, p < 0.0001

region × level     F (58, 174) = 19.42, p < 0.0001

Post hoc tests:

Level VTA vs. LHb VTA vs. RMTg RMTg vs. LHb

11 t (180) = 3.59 t (180) = 4.41

13 t (180) = 3.00 t (180) = 4.77

14 t (180) = 2.61 t (180) = 4.26 t (180) = 6.86

15 t (180) = 2.14 t (180) = 3.32 t (180) = 5.45
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18 t (180) = 2.64 t (180) = 5.04 t (180) = 7.68

19 t (180) = 7.03 t (180) = 7.95 t (180) = 14.97

20 t (180) = 10.83 t (180) = 5.29 t (180) = 16.12

21 t (180) = 8.36 t (180) = 4.19 t (180) = 12.55

22 t (180) = 6.20 t (180) = 2.305 t (180) = 8.50

23 t (180) = 7.77 t (180) = 7.03

24 t (180) = 6.61 t (180) = 3.37 t (180) = 3.24

25 t (180) = 3.14

26: t (180) = 5.33 t (180) = 6.98

*
t values are given only for the levels that are significant. p values are given in the graph (Fig. 2).
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Table 3

Validations of Statistics in Figure 3 and Table 4*

A. Cortex

  lateral orbital cx F(2,6) = 13.98, p < 0.01

  tenia tecta F(2,6) = 9.11, p < 0.05

  navicular nucleus F(2,6) = 11.61, p < 0.01

  insular cx F(2,6) = 11.61, p < 0.01

  dorsal peduncular cx F(2,6) = 17.53, p < 0.01

  endopiriform nucleus/claustrum F(26) = 24.94, p < 0.01

B. Deep telencephalic nuclei (not amygdala)

  accumbens core* t(4) = 6.71, p < 0.01**

  accumbens shell F(2,6) = 48.53, p < 0.001

  medial septum F(2,6) = 10.38, p < 0.05

  ventral pallidum F(2,6) = 18.32, p < 0.01

  lateral preoptic area F(2,6) = 7.29 p < 0.05

  lateral preoptic-lateral hypothalamus transition F(2,6) = 34.83, p < 0.001

  magnocellular preoptic area F(2,6) = 11.22, p <0.01

C. Amygdala and extended amygdala

  bed nucleus of the stria terminalis F(2,6) = 23.53, p < 0.01

  sublenticular extended amygdala F(2,6) = 12.70, p < 0.01

  interstitial nucleus of the posterior anterior commissure t(4) = 4.08, p < 0.01

  anterior amygdaloid area F(2,6) = 75.66, p < 0.0001

  basomedial amygdaloid nucleus; t(4) = 14.55, p < 0.0001

  central amygdaloid nucleus t(4) = 12.15, p < 0.001

D. Thalamus, epithalamus and hypothalamus

  lateral habenula t(4) = 14.38, p < 0.001

  paraventricular nucleus of the hypothalamus F(2,6) = 8.76, p < 0.05

  juxtaparaventricular lateral hypothalamus F(2,6)= 5.22, p < 0.05

E. Mesopontine region and cerebellum

  superior colliculus, contralateral F(2,6) = 113.2, p < 0.0001

  retrorubral field F(2,6) = 46.64, p < 0.001

  deep mesencephalic nucleus F(2,6) = 11.14, p <0.01

  dorsal raphe F(2,6)= 180.1, p < 0.0001

  pedunculopontine tegmental nucleus F(2,6) = 38.10, p < 0.00

  laterodorsal tegmental nucleus F(2,6)= 35.44, p < 0.001

  pontine reticular formation F(2,6)= 37.67, p < 0.001

  dorsomedial tegmental nucleus t(4) = 3.79, p < 0.05

  pontine central grey F(2,6) = 29.65, p < 0.001

  raphe interpositus t(4) = 3.17, p < 0.05
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  deep cerebellar nuclei t(4) = 23.26, p < 0.0001

*
t Values are given where only two values were tested. Results of post hoc tests are given in Figure 3 and Table 4 Headings are as in Figure 3, and 

structures are listed in the same order as therein. Results shown in this table also apply to the findings reported in Table 2:
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Table 5
% Total Labeling

Table illustrating percent of total labeling present in structures following injections of cholera toxin β subunit 

into the ventral tegmental area, rostromedial tegmental nucleus and lateral habenula. Structures are those given 

in Fig. 3 and Table 4. Values are means± SEM reflecting % of total labeling from 3 cases. Values from 1.125 

to 2.499 are italicized; values from 2.5 to 4.999 are italicized and bolded, values above 5.0 are italicized, 
bolded and underlined.

A. Cortex

VTA RMTg Hb

medial orbital 0.57±0.04 0.71±0.019 1.04±0.18

ventral orbital 0.087±0.24 0.73±0.13 0.91±0.53

lateral orbital 0.38±0.04 0.78±0.16 0.18±0.12

tenia tecta 1.01±0.05 0.75±0.2 0.42±0.14

navicular n 0.7±0.12 0.32±0.25 0.12±0.03

cinculate 0.75±0.25 2.5±0.5 3.17±1.3

prelimbic 1.28±0.33 3.1±0.4 4.37±1.73

infrlimbic 0.66±0.15 0.98±0.14 1.27±0.22

insular 1.37±0.1 1.5±0.27 0.55±0.37

dorsal peduncular 1.43±0.14 0.09±0.02 0.48±0.15

claustru/endopiriform 1.7±0.07 107±0.05 0.8±0.21

retrosplenial 0 0 0.8±0.84

B. Deep telencephalic nuclei (not amygdala)

accumbens, rostral pole 0.38±0.24 0 0

accumbens core 3.28±0.44 0 0

accumbens shell 8.87±1.37 2.27±0.78 0.25±0.24

lateral septum 3.19±0.55 3.0±0.68 5.85±2.13

medial septum 0.8±0.11 0.41±0.09 0.87±0.37

ventral pallidum 5.17±0.44 2.37±0.63 4.23±1.76

lateral preoptic area 5.24±0.49 4.49±1.47 13.84±4.68

LPO-LH transition 1.28±0.19 0.92±0.29 6.87±2.76

medial preoptic area 2.68±0.2 1.82±0.57 2.61±0.15

diagonal band, horizontal limb 0.94±0.19 0.63±0.02 237±1.37

magnocellular preoptic area 0.49±0.04 0.26±0.12 0.19±0.05

entopeduncular n 0 0 1.65±1.2

zona incerta 1.14±0.26 2.27±0.97 0

C. Amygdala and extended amygdala

bed nucleus of stria terminalis 2.04±0.09 0.78±0.15 1.69±0.16

sublenticular extended amygdala 2.4±0.19 1.31±0.16 2.38±0.35

IPAC* 0.6±0.10 0.2±0.07 0

anterior amygdaloid area 0.58±0.05 0.2±0.04 0.18±0.05

anterior cortical amygdala 0.31±0.07 0.15±0.16 0

basomedial amygdala 0.50±0.02 0.08±0.03 0
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medial amygdaloid n 0.06±0.07 0.3±0.21 1.01±0.18

central amygdaloid n 0.95±0.04 0.26±0.01 0

D. Thalamus, epithalamus, and hypothalamus

VTA RMTg LHb

anteroventral thalamic n 0.27±0.07 0.22±0.02 1.69±0.94

paraventricular thalamic n 0 0 0.29±0.21

laterodorsal thalamic n 0 0 0.065±0.02

lateral habenula 2.04±0.16 6.06±0.56 XX

ventrolateral geniculate n 0 0 0.39±0.17

parafascicular thalamic n 0 0 0.24±0.11

anterior hypthalamus 0.42±0.08 0.24±0.06 0

paraventricular hypothalamic n 0.37±0.09 0.36±0.09 0.28±0.13

lateral hypothalamus 4.6±0.68 5.81±0.87 9.78±1.3

juxtaparaventricular lateral hypothalamus 1.41±0.23 1.38±0.05 4.8±2.05

ventromedial hypothalamus 0.4±0.08 0.26±0.08 1.4±0.44

dorsal hypothalamus 0.85±0.22 0.78±0.1 1.32±0.54

posterior hypothalamus 2.16±0.17 2.58±0.27 2.55±0.44

premammillary region 0.79±0.20 1.23±0.44 0.34±0.22

E. Mesopontine region and cerebellum

dorsal periaqueductal gray 2.71±0.31 3.62±0.83 3.22±1.42

ventrolateral periaqueductal gray 2.2±0.28 2.05±0.28 2.38±0.16

superior colliculus, ipsilateral 2.28±0.45 2.06±0.31 3.66±1.65

superior colliculus, contralateral 0.94±0.04 5.22±0.37 0.99±0.5

ventral tegmental area XX 1.51±0.35 0

substantia nigra 0.49±0.19 1.09±0.17 1.22±0.68

retrorubral field 0.27±0.05 0.66±0.00 0.1±0.03

rostromedial tegmental n 0.47±0.20 XX 0

deep mesencephalic n 2.88±0.72 3.29±0.07 0.6±0.39

dorsal raphe 2.44±0.13 2.03±0.01 0.2±0.03

median raphe 0.72±0.05 1.12±0.24 0.89±0.30

parabrachial n 2.6±0.34 2.54±0.20 0

cuneiform n 0.52±0.15 0.55±0.55 0.83±0.54

pedunculopontine tegmental n 1.43±0.14 1.7±0.29 0.31±0.07

laterodorsal tegmental n 1.24±0.21 2.02±0.14 0.43±0.23

pontine reticular formation 0.74±0.12 1.93±0.43 0.4±0.16

dorsomedial tegmental area 0.32±0.06 0.71±0.15 0

pontine central gray 0.86±0.20 1.47±0.05 0.14±0.06

locus ceruleus 0.02±0.01 0.04±0.02 0.15±0.10

Barrington's n 0.42±0.03 0.33±0.21 0

raphe magnus 0.23±0.03 0.29±0.01 0

raphe interpositus 0.21±0.03 0.43±0.08 0

cerebellar n 0.04±0.01 3.58±0.20 0
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Values are means±SEM reflecting % of total labeling from 3 cases. Valuse from 1.125 to 2.249 are italicized, values from 2.5 to 4.999 are 
italicized and bolded, values at 5.0 and above are italicized, bolded and undelined.
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Table 6
Dominant retrograde labeling by injection site

List of structures exhibiting 5% or more and 2.5%-5% of total labeling following injections of tracer into the 

ventral tegmental area, rostromedial tegmental nucleus and lateral habenula. Values in parentheses are means 

of three cases. SEMs are provided in Table 5.

Injection site 5% of total labeling and greater 2.5% - 5% of total labeling

VTA accumbens shell (8.9%) lateral hypothalamus (4.6%)

ventral pallidum (5.2%) accumbens core (3.3%)

lateral preoptic area (5.2%) lateral septum (3.2%)

deep mesencephalic nucleus (2.9%)

medial preoptic area (2.7%)

dorsal periagueductal gray (2.7%)

parabrachial nucleus (2.6%)

RMTg lateral habenula (6.1%) lateral preoptic area (4.5%)

lateral hypothalamus (5.9%) deep cerebellar nuclei (3.6%)

superior colliculus, contralateral (5.2%) dorsal periaqueductal gray (3.6%)

deep mesencephalic nucleus (3.3%)

prelimbic cx (3.1%)

lateral septum (3.0%)

posterior hypothalamus (2.6%)

cingulate cx (2.5%)

parabrachial nucleus (2.5%)

LHb lateral preoptic area (13.8%) prelimbic cx (4.4%)

lateral hypothalamus (9.8%) ventral pallidum (4.2%)

LPO-LH transition region (6.9%) juxtaparaventricular lateral hypothalamus (3.8%)

lateral septum (5.9%)
superior colliculus, ipsilateral (3.7%)

cingulate cx (3.2%)

dorsal periaqueductal gray (3.2%)

medial preoptic area (2.6%)

posterior hypothalamus (2.6%)
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