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Abstract
The mesopontine rostromedial tegmental nucleus (RMTg) is a newly discovered brain structure
thought to profoundly influence reward-related pathways. The RMTg is prominently GABAergic,
receives dense projections from the lateral habenula and projects strongly to the midbrain ventral
tegmental area and substantia nigra compacta. It receives additional afferent connections from
widespread brain structures and sends additional strong efferent connections to a number of non-
dopaminergic brainstem structures and, to a lesser extent, the forebrain. Projection neurons of the
RMTg have been shown to express Fos in response to aversive stimuli and/or reward omission and
psychostimulant drug administration. This review will first recount how the RMTg was discovered
and then describe in greater detail what is known about its neuroanatomical relationships,
including afferent and efferent connections, neurotransmitters, and receptors. Finally, we will
focus on what has been reported about its function.
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Introduction
The midbrain ventral tegmental area (VTA) gives rise to the mesocorticolimbic
dopaminergic system [1-6], which contributes to a broad range of functions, including but
not limited to locomotor activation (e.g., [7]), stimulus and response reinforcement (e.g., [8])
and fear conditioning [9-11]. The VTA thus is essential to the neural processes that subserve
adaptive behavior. Furthermore, the VTA is the substrate for the initiation of behavioral
sensitization to psychostimulant drugs [12-20]. Dopamine neurons in the VTA respond to
rewards and reward-predicting cues with increased firing and to omission of expected
rewards with decreased firing [21-23]. In constrast, the lateral habenula (LHb), an
epithalamic structure that projects to the VTA [24-26], decreases firing in response to
rewards and reward-prediciting cues and increases firing in response to aversive stimuli or
reward omission [27-31]. In view of these considerations, it long seemed that LHb firing
must inhibit dopamine neurons. As it turns out, however, most of the direct LHb projections
to the VTA are glutamatergic [32, 33], which suggested that inhibition of the VTA by the
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LHb should require the action of an inhibitory mediator interposed between the LHb and
VTA. A study undertaken to determine if GABAergic neurons in the VTA have this role
revealed that half of recorded VTA GABAergic neurons were activated by LHb stimulation,
but only half of these with a sufficiently brief time course to be presumptive mediators of
the proposed feed forward inhibition of VTA dopamine neurons [29]. Because the inhibitory
effect on the VTA of LHb stimulation is profound (more than 95% of VTA dopamine
neurons are inhibited), it seemed likely that additional brain structures are involved in
mediating the inhibition.

The initial evidence for another such a mediator was reported in an abstract by Chou et al.
[34], who showed that a cluster of cells in the paramedian tegmentum behind the VTA
projects to the VTA and the substantia nigra pars compacta (SNc), influences fear-elicited
behavior, and expresses GAD67 mRNA. Chou’s observations were foreshadowed by earlier
reports noting that the densest accumulation of LHb efferent terminations in the ventral
mesencephalon was not in the VTA but behind it [24, 25]. In a subsequent abstract, Jhou
(same person as Chou in [34]) and Gallager [35] showed that these neurons are activated by
aversive stimuli. Definitive papers from Jhou and colleagues [36, 37] showed that the
structure in question is prominently GABAergic, receives dense projections from the LHb,
and projects strongly to the VTA and SNc (see also [38]). Earlier, Scammell et al. [39],
following administration of modafinil in rats had identified a cluster of Fos-expressing
neurons, which they designated as “retroVTA”, due to its location behind the VTA. Barrot
and colleagues [40] subsequently identified a cluster of neurons in the same part of the brain
that expresses a long-lived splice variant of FosB (deltaFosB) following chronic forced
administration of amphetamine and called it the “posterior tail of the VTA”. Further
inspection of the region revealed that what might be the same cluster of neurons expresses
Fos after self-administration of cocaine and projects to the VTA [41]. Finally, Jhou et al.
[37] and Kaufling et al. [42] concluded that all of these studies describe the same structure,
which Jhou et al. [37] named the mesopontine rostromedial tegmental nucleus (RMTg) and
Barrot and colleagues [40, 42] designated as the tail of the VTA (tVTA). This GABAergic
midbrain structure is now thought to convert excitation of the LHb into an inhibitory
influence on the VTA [36, 43-45] through glutamatergic LHb neurons projecting to
GABAergic RMTg neurons which, in turn, inhibit dopaminergic VTA/SNc neurons. These
findings at the least suggest that the RMTg has a role as a modulator of reward and arousal,
and this has been a sufficient stimulus to lead to further neuroanatomical and functional
investigation of the structure.

Neuroanatomical Framework
The studies cited above that pose the RMTg as an inhibitory mediator interposed between
the LHb and VTA bore numerous functional implications, but also begged a better
understanding of the connectivity of the RMTg. At the present, the criteria for designating
neurons as belonging to the RMTg include a major input from the LHb, projection to the
VTA/SNc, GABAergic phenotype, and expression of Fos following certain aversive stimuli
or administration of various psychostimulant drugs. Neurons fulfilling these criteria are
concentrated in a rostrocaudally elongated cluster that protrudes into the caudal part of the
VTA in the angle between the medial lemniscus and interpeduncular nucleus and ascends
caudalward in relation to the crossing fibers of the superior cerebellar peduncle in a position
just lateral to the median raphe nucleus (Figs. 1 and 2). As it turns out, additional neurons
also fulfilling these criteria are scattered around the main cluster in a concentration that
diminishes with increasing distance from the main focus [41], such that, despite the
seemingly discrete appearance of the main focus of the RMTg (Figs. 1 and 2), precise
neuroanatomical boundaries for it are difficult to establish. Furthermore, it is not known
whether neuronal types other than GABAergic should be included within the RMTg. Thus,
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while the early studies into the cytoarchitecture and afferent and efferent connectivity of the
RMTg may not as yet perfectly represent its true nature, they lay a foundation for continuing
study.

The position particularly of the rostral extremity of the RMTg in relation to the caudal part
of the VTA (Figs. 1A and 2A-D), has led some investigators to regard the RMTg as a caudal
extension, or ‘tail of the VTA’ [38, 40, 42, 46] and necessitates, if possible, that grounds be
established to distinguish the RMTg from the VTA both anatomically and functionally. As it
turns out, this is not easily done. While dopamine neurons are gnomic for the VTA and
substantia nigra [1, 6], neurons with other phenotypes, including GABAergic, are prominent
therein as well [47, 48]. Insofar as RMTg neurons, at least for now, seem to be exclusively
GABAergic, one can logically argue that the RMTg represents a subpopulation of VTA
GABA neurons, but this position must also account for the observation that nearly all RMTg
neurons express Fos and related immediate-early genes following psychostimulant
administration (Figs. 2H and 3A and B), whereas psychostimulant-elicited Fos expression is
relatively sparse in the main part of the VTA and SNc [49]. Neglecting psychostimulant-
induced Fos, an equivalently reasonable proposition is that GABA neurons in the VTA/SNc
complex are outlying neurons belonging to the RMTg. These are but speculations, however,
and, while a persuasive means to distinguish the RMTg from the VTA/SNc is somewhat
elusive, there seems also to be little reason to lump the two. For example, the observation
that psychostimulant-induced Fos-expressing neurons at the rostral tip of the RMTg
comingle with those of the caudal VTA, but do not show co-localization of tyrosine
hydroxylase immunoreactivity [37] argues against ‘lumping’. Nor does anterograde axonal
tracer injected into the RMTg robustly label projections to the ventral striatum, which, of
course, is a connectional feature also gnomic for the VTA.

Further analysis of the RMTg revealed some additional details about its neurochemistry. As
noted, Jhou et al. [37] found that more than 70% of RMTg neurons retrogradely labeled
following tracer injections in the VTA exhibit mRNA for GAD67. Along similar lines,
Kaufling et al. [42] estimated that 92% of neurons that expressed FosB/DeltaFosB after
cocaine administration, thus representing the RMTg (or tVTA in their nomenclature), were
GABAergic. An enrichment of immunoreactivity against the μ-opioid receptor is present in
the location designated by psychostimulant-induced Fos expression as the RMTg (Fig. 2A,
C, E and G; see also [38]) and endomorphin-1, a μ-opioid agonist, is self-administered into
the RMTg more vigorously than into the VTA itself, and not into adjacent regions [50].
RMTg exhibits enriched somatostatin immunoreactivity (Fig. 2B, D and F) and, recently,
Jhou has detected there an enrichment of the peptide nociceptin orphanin fq and its mRNA
(personal communication). Although nitric oxide synthase (Nos) immunoreactivity is not
visibly enriched in the RMTg, Nos-IR neurons in lateral and dorsal hypothalamus, ventral
lateral geniculate nucleus, supramammillary region, dorsolateral column of the
periaqueductal gray, pedunculopontine and laterodorsal tegmental nuclei, and
pontomedullary reticular formation contained retrograde label following injections in the
RMTg [37]. The functional implications of enrichment of these various peptides and
macromolecules in the RMTg require further investigation.

Connectivity
Efferent connections of the RMTg were described with the aid of the anterograde tracer,
PHA-L [37]. As mentioned, the densest RMTg efferent projection is to the VTA/SNc
complex (Figs. 1G and H and 3). Complementary injection of retrograde tracer into the VTA
revealed a topographical organization such that injections in the medial and lateral part of
the midbrain dopaminergic complex retrogradely labeled more medial and lateral parts of
the RMTg, respectively. The projection from RMTg to the nigral dopaminergic complex is
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strongest on the ipsilateral side of the brain, but does have a moderately robust contralateral
component that is stronger and weaker in medial and lateral parts of the RMTg, respectively.
Jhou et al. [36] have shown that many axons labeled following PHA-L injections into the
RMTg exhibit close apposition to dopaminergic neurons in the VTA and SNc. The synaptic
nature of this relationship was confirmed by Balcita-Pedicino et al. [51], who observed that
81% of axon terminals labeled following RMTg injections of PHA-L synapse onto tyrosine
hydroxylase immunoreactive dendrites in the VTA/SNc complex.

Other robust outputs from the RMTg occupy the medial part (pars dissipata) of the
pedunculopontine tegmental nucleus (PPTg), periaqueductal gray, including the dorsal raphe
nucleus (DR), and pontine and medullary reticular formation (Fig. 3C). Varyingly moderate
to sparse labeling was observed in numerous other structures, including in the ventral
pallidum, diagonal band complex, lateral preoptic region, thalamic midline and intralaminar
cell groups, lateral hypothalamus, entopeduncular nucleus, parafascicular thalamic nucleus,
deep mesencephalic nucleus, laterodorsal tegmental nucleus, locus coeruleus and
subcoeruleus complex, and deep cerebellar nuclei.

Lavezzi et al. [52] have studied the dense projections from the RMTg to the DR and pars
dissipata of the pedunculopontine tegmental nucleus (PPTg-d), reporting that they, like
RMTg projections to the VTA, are enriched in neurons that exhibit psychostimulant-induced
Fos expression (Fig. 3C). Lavezzi et al. [52] further demonstrated RMTg neurons that
project via collaterals to the VTA and PPTg-d, and others that project to the VTA and DR.
In this regard, it should be recognized that both the PPTg-d [53] and DR [54] provide robust
inputs to the midbrain dopaminergic complex. In addition, it is probably relevant to recall
here that the PPTg-d lacks abundant cholinergic neurons and has been referred to as the
midbrain extrapyramidal area [55, 56], insofar as it is a major target of projections
descending from the entopeduncular nucleus (globus pallidus internal segment), subthalamic
nucleus and substantia nigra reticulata [55-57], not to mention robust outputs from extended
amygdala structures [58]. Consequently, the RMTg, by virtue of its dense inputs to this
region, may exert additional influences on the basal ganglia circuitry distinct from its actions
on the dopaminergic neurons of the VTA-SNc.

Interestingly, Aston-Jones and colleagues [59] described a GABA-expressing structure quite
similar to the RMTg, but preferentially related to the locus coeruleus. Whether the RMTg is
but one of a group of such compact structures that project robustly to brainstem structures
giving rise to long ascending neuromodulatory projections and thus reflects a general feature
of brainstem-forebrain organization begs further study.

Afferents of the RMTg have been described by Jhou et al. [37] and Kaufling et al. [42]
following injections into the RMTg of FG and CTβ, respectively. These are listed in Table
1. However, of all of afferent connections of the RMTg noted, that from the LHb (Fig. 2B,
considered in combination with the RMTg efferent projection to the VTA) is mainly
responsible for the current keen interest in the RMTg, which at present is regarded as the
main mediator of an inhibitory influence of the LHb on nigral dopamine neurons. The dense
projections from the LHb to the RMTg as shown by both retrograde and anterograde tracing
[37, 42] are mainly ipsilateral with moderate labeling in the contralateral RMTg and are
topographically organized such that injections of PHA-L in medial and lateral LHb label
mainly projections to the medial and lateral RMTg, respectively. Also, medial LHb
injections give rise to a stronger contralateral RMTg projection [37]. Balcita-Pedicino et al.
[51] used electron microscopy to demonstrate that 53% of axon terminals labeled following
PHA-L injections in the LHb synapse onto GABAergic neurons in the RMTg.
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Another fairly focal clustering of afferents within the RMTg was observed following PHA-L
injections into various parts of the VTA/SN complex, including parts of the SN pars
reticulata bordering on the pars compacta [37], suggesting the presence of a convergent set
of inputs that reciprocates the dense outputs to the VTA/SN complex from the RMTg.
Accordingly, numerous retrogradely labeled neurons were observed within the VTA/SN
complex following injections of retrograde tracer into the RMTg and a majority of these did
not exhibit co-localized tyrosine hydroxylase immunoreactivity, suggesting a non-
dopaminergic, possibly GABAergic phenotype. The precise nature of this input to the
RMTg remains to be determined.

Finally, Zahm et al. [60] have reported that injections of anterogradely transported PHA-L
into the lateral preoptic area produce a focal enrichment of labeled, highly branched and
varicose axons in the RMTg (Figs. 3D and 4). The location of lateral preoptic area injection
sites that produce such RMTg axonal terminations appears to be in a transition zone between
the ventral pallidum and lateral preoptic area, which happens to be an area of basal forebrain
with moderate numbers of glutamatergic neurons, among which some projecting to the VTA
have been identified [32]. Whether there are glutamatergic projections from here to the
RMTg remains to be determined. This area also gives rise to a dense, possibly
glutamatergic, projection to the LHb [61], which might then serve as a relay in a disynaptic
pathway from the lateral preoptic area to the RMTg.

It should be noted that conclusions regarding the actual afferents of structures, particularly
in brainstem, cannot be made on the basis of retrograde labeling alone because uptake by
passing and damaged fibers can lead to spurious results. Furthermore, FG and CTβ are
exceedingly sensitive tracers in the sense that even sparse projections can give rise to robust
retrograde labeling. Jhou et al. [37] followed up on the retrograde labeling with
complementary anterograde tracing, which confirmed a number of the projections identified
with the retrograde tracers (Table 1). However, it should be noted that, in contrast to
projections from the LHb, SN complex and, possibly, lateral preoptic area, which appear to
be more concentrated in the RMTg than adjacent structures, the projections to the RMTg
from most forebrain and brainstem structures do not terminate in a manner that distinguishes
the RMTg from adjacent similary innervated structures, such as, e.g., the VTA, retrorubral
area, paramedian tegmentum, mesencephalic reticular formation and pedunculopontine and
laterodorsal tegmental nuclei. Until all structures projecting to the vicinity of the RMTg are
evaluated with anterograde tracing, knowledge of the precise nature of its afferents will
remain incomplete.

Electrophysiology
Studies in brain slices by Lecca et al. [45] revealed that RMTg neurons exhibit
electrophysiological parameters similar to those previously recorded in vivo by Jhou et al.
[37] and that EPSCs evoked in RMTg neurons by LHb stimulation are mediated by AMPA
receptors. LHb stimulation caused spiking activity in 46.3% of RMTg neurons, whereas
stimulation of the RMTg neurons resulted in suppression of VTA neuronal activity. These
findings recall those reported in the monkey by Hikosaka and colleagues [43, 44] in which it
was demonstrated that stimulation of the LHb excites neurons in the RMTg and stimulation
of the RMTg inhibits DA neurons in the SNc. Taken together, the tract tracing, electron
microscopic, and electrophysiological evidence provide strong support for the hypothesis
that the RMTg mediates the inhibitory influence of the LHb on dopaminergic neurons in
both the rat and monkey.

Interestingly, however, Hikosaka and colleagues [43, 44] observed that the latency to fire
following a reward omission is slightly shorter for a significant number of RMTg as
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compared to LHb neurons, suggesting that RMTg afferents other than from the LHb may
more promptly signal reward omission. From where these postulated afferents might arise is
a good question, because, while many structures provide afferents to the RMTg, few exhibit
the focused concentration of terminations within the RMTg characteristic of the LHb
projection [37]. One exception, however, is a projection discussed above from the lateral
preoptic area to the RMTg (Figs. 3D and 4; [60]), which appears to run parallel to a
disynaptic pathway involving the lateral preoptic area, LHb and RMTg (Fig. 3D). This
situation could explain the longer latency for LHb as compared to RMTg responses to
reward omission, although it requires experimental evaluation.

RMTg and drugs of abuse
The robust expression of Fos and related immediate-early genes observed in the RMTg after
administration of psychostimulants [37-42, 62] and strong projection of the RMTg to the
DAergic midbrain region strongly implicate the RMTg in the actions of psychostimulant
drugs of abuse and likely addiction. Interestingly, Kaufling et al. [38] have shown that
strong FosB/DeltaFosB expression follows administration of stimulant drugs, including,
methamphetamine, 3,4-methylenedioxymethamphetamine (Ecstasy), methylphenidate and
caffeine, but not after drugs from other drug classes, such as ethanol, diazepam, gamma
hydroxybutyric acid, morphine, ketamine, phencyclidine, delta-9-tetrahydrocannabinol,
sodium valproic acid, or gabapentin. However, expression of Fos and other immediate-early
genes does not necessarily imply that a neuron or structure has been excited, and the absence
of an immediate-early gene response does not necessarily signify that a neuron or structure
is unaffected by a particular drug [49]. Thus, an important goal would seem to be to more
precisely define RMTg function in conditions of taking drugs of abuse.

Lecca et al. [45] have recorded the electrical activity of RMTg neurons after administration
of various drugs of abuse. They have shown that systemic administration of morphine
strongly inhibits RMTg neurons, producing a near 50% decrease in their mean spontaneous
firing rate, and that this effect is dependent upon μ-opioid receptor activation. Thus, despite
the lack of a Fos response following morphine administration [40, 46] a significant
electrophysiological effect is nonetheless observed. Whereas infusions of cocaine elicit
robustly enhanced RMTg Fos expression [41], Lecca et al. [45] recorded a decrease of about
18% in the firing rate of morphin-exposed RMTg neurons, indicating that Fos expression
does not necessarily coincide with neuronal activation, but may instead signify only ongoing
transcriptional regulation, in this case associated with neuronal inhibition. Intravenous
administration of the cannabinoid CB1 receptor agonist, WIN55212-2 (WIN), produced a
55% decrease in the firing rate of RMTg neurons that was prevented by pre-incubation with
the CB1 receptor antagonist SR141716A, demonstrating that the inhibition depends upon
CB1 receptor stimulation. An increase in paired-pulse ratio (EPSC2/EPSC1) following
administration of WIN suggests that WIN activation of presynatic CB1 receptor reduces the
probability of glutamate release. Surprisingly, Lecca and colleagues found that i.v.
administration of nicotine nearly doubled the firing rate of RMTg neurons. Pretreatment
with the nicotinic acetylcholine (nACh) receptor antagonist, mecamylamine, blocked this
effect but did not alter spontaneous activity. Nicotine-induced potentiation of RMTg neuron
EPSC amplitude was attenuated by methyllycacoitine, which blocks cholinergic receptors
containing an α7 subtype nAChR subunit, suggesting that α7 subunit-containing receptors
are main components of glutamatergic presynaptic terminals that synapse onto RMTg
neurons. Lecca et al. [45] suggest that these receptors may mediate a long-lasting excitation
of the RMTg neurons. Because it is unknown if CB1 or nACh receptors are expressed by
RMTg neurons, Lecca et al. [45] reason that cholinergic and cannabinoid modulation of
RMTg neurons may occur presynaptically at glutamate-releasing afferent terminals, such as
those projecting to the RMTg from the lateral habenula.
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It is well-established that the VTA plays a prominent role in the initiation of behavioral
sensitization [20, 62] and the sheer density of RMTg projections to the VTA/SNc [36, 37,
51] suggests a role in this process. Similarly, the PPTg has robust cholinergic [53, 63],
glutamatergic [32, 64, 66], and GABAergic [64-67] projections to the VTA, and increasing
evidence implicates PPTg involvement in the initiation of behavioral sensitization as well
[68, 69]. The serotoninergic DR also projects strongly to the VTA [32, 54, 70] and has long
been regarded as having a role in processes underlying drug abuse [71-73]. As noted in an
earlier section of this paper, the RMTg projects strongly to the PPTg-d and DR [37]. RMTg
neurons giving rise to these projections, like those projecting to the VTA, express Fos
following psychostimulant drug administration [52]. Indeed, as noted, a subset of such
neurons projects to both the VTA and the PPTg, as does another subset to the VTA and DR
(Fig. 3C). In view of these connections, it seems reasonable to speculate that the RMTg has
a role in a complex circuitry modulating the initiation of behavioral sensitization to
psychostimulants. The perceived simplicity of the circuitry underlying these presumptions
may be deceptive, however, in consideration of earlier reports of both decreases [74] and
increases [75] in extracellular concentrations of serotonin in target structures of the DR
following stimulation of LHb. As a further cautionary note, the possibility must be
considered that RMTg projections to the PPTg may less exert influence on VTA-projecting
PPTg neurons than on PPTg neurons with other functional consequences, such as, e.g.,
modulation of spinal motor neuron excitability [76]. Future study will be required to sort out
these issues.

RMTg neuronal function and reward-related stimuli
The LHb increases neuronal firing in response to aversive stimuli or omission of reward
[27-31] and because LHb projections to the ventral tegmental area are mainly glutamatergic
[32-33] they can inhibit dopamine neurons only via an inhibitory relay. The neuroanatomical
evidence that the RMTg is such a mediator has been described. Functional data relevent to
this idea follow.

Jhou et al. [36] provided a detailed account of the role of RMTg neurons in encoding
information signifying aversive stimuli and the accompanying behavioral responses. They
observed that GABAergic RMTg neurons that project to the VTA increase Fos expression in
response to unconditioned footshock (46% increase) or a tone previously paired with
footshock (30% increase). They then examined whether aversive and appetitive stimuli elicit
opposite responses in RMTg neurons, by comparing Fos expression in food-deprived as
compared to fed rats. Thirty-two percent of VTA-projecting RMTg neurons expressed Fos
in the food deprived group as compared to only 18% in the fed group. In the same study,
electrophysiological recordings performed on RMTg neurons demonstrated that about half
of presumptive RMTg neurons (55%) were excited by shock-predictive cues and, among
these, most also were activated by an unconditioned shock (72%) and/or inhibited by
sucrose. In contrast, the few RMTg neurons that were activated by sucrose-predictive cues
were valence-reversed when presented with an unconditioned stimulus, such that they were
inhibited by unanticipated sucrose and stimulated by unexpected shock. Studies done in
monkeys by Hikosaka and colleagues [43-44] support the findings in the rat, demonstrating
that RMTg neurons are inhibited by reward predictive cues and excited by omitted reward.
Further studies by Hikosaka and colleagues [43, 44] demonstrated that RMTg neurons
encode negative reward prediction errors, such that they increase their firing rate in response
to cues predicting smaller, as compared to larger, rewards. These investigations reveal some
functional heterogeneity in the RMTg, but that the majority of its neurons are activated by
the presentation of conditioned or unconditioned aversive stimuli and generally do not
respond to reward-predictive cues or the presentation of reward. This situation is the inverse
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of that recorded from DAergic neurons, which are generally inhibited by aversive stimuli
and omitted rewards and activated by reward or reward-predictive stimuli [21-23, 30].

Lesions of the brainstem region that contains the RMTg caused a reduction in passive
responses to fear, such as freezing and open-arm avoidance in the plus maze, but had no
effect, and sometimes enhanced, active fear-elicited behaviors, such as treading or escaping
[36, 77]. These results are inverse relative to those observed following dopamine depletion,
which produces impairment of active fear-elicited behaviors and enhances passive fear-
elicited behaviors [78]. Insofar as lesions of the ventrolateral periaqueductal gray (PAG)
produce behavioral effects similar to those observed following lesions of the RMTg [79-80]
and the PAG receives input from both the central nucleus of the amygdala [81] and the bed
nucleus of stria terminalis [82], Jhou et al. [36] have speculated that these structures activate
RMTg neurons in fear-arousing circumstances. This might happen by virtue of direct
connections (Fig. 3E) and via relays in the lateral hypothalamus (Fig. 3F). Indeed, the
effects of RMTg lesions on fear-elicited behaviors may reflect removal from the fear
circuitry of influences that are mediated by the RMTg, but that arise in other structures
known to be activated by fear-arousing stimuli, such as the amygdala, bed nucleus of stria
terminalis, periaqueductal gray or LHb, that project to the RMTg (Fig. 3D-F). The situation
is undoubtedly more complex, however, insofar as these considerations do not explain the
reduced avoidance of elevated plus maze open arms following RMTg lesions, which
implicates afferents from the septum [83, 84]. At present, suffice it to say that multiple
afferent influences are likely integrated in the RMTg, which in turn modulates fear-related
and, possibly, reward-related behaviors through both direct and indirect interconnections
with brainstem arousal centers.

Clinical considerations
As a relatively newly described entity, the RMTg has yet to figure large in the clinical
literature and one is able at present only to speculate regarding its clinical import based upon
its robust and intimate connectional relationships with structures of well-known clinical
consequence, such as, e.g., the midbrain dopaminergic complex, PPTg, and serotoninergic
DR. For example, in view of the reported capacity of stimulation of the LHb to influence the
activity of a number of structures known to impact affect, including dopaminergic neurons
in the VTA/SNc complex, serotoninergic neurons in the DR and noradrenergic neurons in
the locus coeruleus, Henn and colleagues speculated that inactivation of the LHb by deep
brain stimulation (DBS) could have a therapeutic effect on treatment resistant depression
[85]. In the single clinical trial reported at the time of this writing [86], a depressed patient
so treated did indeed remit, but only following many weeks of habenular DBS. Upon
cessation of habenular DBS the patient promptly relapsed into depression and, when
habenular DBS was re-initiated soon after, a second remission occurred, but again only after
a period of weeks of DBS. In view of the connectivity involving the LHb, RMTg, VTA/
SNc, DR and other structures described herein, it seems probable that the RMTg played
some role in the complex, delayed therapeutic response observed by Henn and colleagues.

A number of the pontomesencephalic structures with which the RMTg is innerconnected,
such as the PPTg, locus coeruleus, DR, and VTA/SNc complex, are known to exhibit
synucleinopathy and loss of neurons in Parkinson’s disease [87-90]. Indeed, Parkinson’s
disease itself is no longer regarded by many scientists and clinicians as exclusively a disease
of mesostriatal dopamine neurons, but rather one that is preceded by degenerative changes
in the brainstem and limbic and olfactory areas associated with depression, anosmia and
multiple autonomic symptoms that often precede the onset of Parkinsonian motor
symptoms, sometimes by years [91-96]. Surely, the intimate interconnectivity of the RMTg
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with brainstem systems thought to contribute to this spectrum of pathology dictates that the
RMTg should, at least conditionally, be included among them.

Finally, a role for the RMTg in the pathogenesis of addiction to psychostimulant and other
classes of abused drugs has been noted at some length in other parts of this review.

Conclusions and future directions
The identification of the RMTg as a distinct GABAergic structure capable of directly
influencing DAergic neurons of the VTA/SNc has created avenues for significant advances
in our understanding of neural mechanisms of reward-related processing. Here, we have
discussed the vast, convergent input to the RMTg from structures extending from the rostral
pole of the frontal cortex to the medulla [37, 42], with particular emphasis on those arising
in the lateral habenula and, less so, lateral preoptic area. RMTg efferent connections are
strongest to the VTA/SNc complex, reflective of the modulatory effect this structure likely
has on the dopaminergic projection system, but it also has significant projections to other
VTA-projecting brainstem sites, such as the PPTg and DR [37], which would seem to imply
that the RMTg is but a node in a complex neuromodulatory circuitry.

One of the hallmark characteristics of the RMTg is expression of Fos in response to
psychostimulant drug administration. However, various drugs of abuse (morphine, cocaine,
cannabinoids, nicotine) have now been shown to modulate RMTg activity [45, 46], some in
the absence of detectable immediate-early gene expression. This evidence, when assimilated
with that of the strong projections to the DAergic midbrain neurons, supports the hypothesis
that the RMTg is a major modulator of the reward system under conditions of drug use.
Future studies should be able to clarify how various drugs affect the RMTg, whether directly
or indirectly. That potential therapeutic targets against drug addiction may emerge from such
studies seems possible.

A majority of RMTg neurons are activated by aversive stimuli and reward omission and
cues that predict them, while substantially fewer respond to the presentation of reward or
reward-predictive cues. Lesions of the RMTg resulted in reduced passive fear behaviors,
such as freezing and open-arm avoidance, but had little effect on active responses to fear.
Taken together, the rapidly increasing numbers of observations on the RMTg suggest that it
modulates responses to both appetitive and aversive stimuli, both of which happen to
accompany administration of drugs of abuse [45, 97-100].
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Figure 1.
Photomicrographs illustrating the rostromedial tegmental nucleus (RMTg) with the aid of
retrogradely transported Fluorogold (FG, panels A-F) and anterogradely transported
Phaseolus vulgaris-leucoagglutinin (PHA-L, panels G, H). FG was injected into the lateral
extremity of the substantia nigra involving substantially both the compacta (SNc) and
reticulata. Retrogradely labeled neurons can be seen in the RMTg in sequentially more
caudal sections in A, B, C and E. The rostral tip of the RMTg (A) occupies the angle
between the medial lemniscus (ml) and interpeduncular nucleus (IPN). Caudalward from
there, RMTg labeling ascends in the paramedian tegmentum in relation to the crossing fibers
of the superior cerebellar peduncle (scp). D and F show enlargements of retrogradely labeled
RMTg neurons in the boxed areas in C and E, respectively. A PHA-L injection into the
RMTg at a site approximating that shown in E (G, inset) gave rise to robust ipsilateral and
moderate contralateral anterograde labeling that perfectly overlaps tyrosine hydroxylase
immunoreactivity in the ventral tegmental area (VTA) and SNc (G). The section shown in G
was processed for TH (brown) and PHA-L (black) immunoreactivity. The adjacent section
in H was processed only for PHA-L immunoreactivity (black). Scale bar: 1 mm for all but D
and F; 200 μm for D and F.
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Figure 2.
Photomicrographs of sequentially more caudal sections showing the RMTg in preparations
processed to exhibit the μ-opioid receptor (A, C, E, G and H) and somatostatin (B, D and F)
immunoreactivities at levels comparable to those shown in Figure 1A, B, C and E. H is an
enlargement of the box shown in C and illustrates Fos immunoreactive nuclei (brown dots),
which are concentrated in the RMTg in rats, which, like the one from which these
preparations were made, received an injection of psychostimulant drug prior to being
sacrificed. Abbreviations: IPN – interpeduncular nucleus; ml – medial lemniscus; mlf –
medial longitudinal fasciculus; MR – median raphe nucleus; RMTg – rostromedial
tegmental nucleus; scp – superior cerebellar peduncle. Scale bar: 1 mm for A, -G; 250 μm
for G.
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Figure 3.
Diagrams indicating some putatively important sources of afferents to the rostromedial
tegmental nucleus (RMTg). RMTg interconnections with structures giving rise to ascending
modulatory projections, including the ventral tegmental area (VTA), dorsal raphe (DR) and
medial dissipated part of the pedunculopontine tegmental nucleus (PPTg-d). Panel A shows
an orientation diagram illustrating the rat brain in sagittal section with structures labeled that
are relevant to the succeeding panels (see Additional Abbreviations below). The preparation
is depicted as rotated slightly upward so that central (CeA) and basal (BA) nuclei of the
amygdala are visible in the medial temporal lobe. To simplify the presentation, some
structures are included in this single plane of section, although in actuality they do not lie
with other included structures in the same mediolateral sagittal plane. (B) Enlargement of
the region in (A) depicting the RMTg, lateral habenula (LHb), VTA, DR and PPTg-d
showing the disynaptic connection via the RMTg that links the LHb and VTA. Note that the
LHb also projects, less robustly, to the VTA, DR and PPTg-d. (C) Same region as shown in
(B) illustrating RMTg neurons projecting to the VTA, DR and PPTg-d that exhibit Fos
expression (denoted by black dot signifying Fos-immunoreactive nuclei) following
administration of psychostimulant drugs. A significant number of such psychostimulant-
induced Fos expressing neurons projects by axon collaterals to the VTA and DR, VTA and
PPTg-d, and DR and PPTg-d. (D) Two trajectories available to ventral pallidum (VP) and
lateral preoptic area (LPOA) neurons that project to the RMTg. Note that the dorsal
diencephalic pathway via the LHb is disynaptic and thus would require a longer latency for
the passage of signals. The ventral monosynaptic route passes via the medial forebrain
bundle. (E and F) Whereas direct projections to the RMTg from extended amygdala
structures, such as the CeA and bed nucleus of stria terminalis (BST), are scarce, major
indirect routes via the DR and PPTg-d (E) and lateral hypothalamus (LH in F) provide
putatively strong multisynaptic access to the RMTg. Robust projections to the VTA from the
DR and PPTg are left out to simplify the presentation. Note that the lateral hypothalamic
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relay insinuates an additional synapse in the pathway. Additional abbreviations: ac – anterior
commissure; cc – corpus callosum; fr – fasciculus retroflexus; Hip – hippocampus; OlfB –
olfactory bulb; sm – stria medullaris; VS –ventral striatum; xscp – decussation of the
superior cerebellar peduncle.
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Figure 4.
Photomicrographs showing the RMTg at a rostral (A) and more caudal (B) level. Note the
position of the collection of Fos–immunoreactive neuronal nuclei (brown dots) representing
the RMTg, which occupy the angle between the medial lemniscus (ml) and interpeduncular
nucleus (IPN) in A and lie above and lateral to the IPN in the more caudal section shown in
(B). Levels shown in (A) and (B) are comparable to those in (A) and (C) in Figure 2. The
RMTg is Fos immunoreactive in this preparation due to the fact that the rat from which the
preparation was made was injected with the psychostimulant drug, methamphetamine (10
mg/kg), prior to being sacrificed. Ten days before sacrifice, the rat received an injection of
anterogradely transported Phaseolus vulgaris-leucoagglutinin (PHA-L) into the lateral
preoptic area (LPOA), resulting in anterograde labeling of a dense plexus of axons in and
around the RMTg (black labeling). Note the horizontal banding pattern of the crossing fibers
of the superior cerebellar peduncle (scp in B). Scale bar: 200 μm. Additional abbreviations:
ac – anterior commissure; f – fornix; Tu – olfactory tubercle.
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Table 1

Structures retrogradely labeled following injection of retrograde tracer into the RMTg (listed approximately
from rostral to caudal).

rostral association cortex pedunculopontine tegmental nucleus

prelimbic cortex laterodorsal tegmental nucleus

dorsal peduncular cortex locus ceruleus

orbital cortex parabrachial nucleus

Cingulate cortex deep cerebellar nuclei

agranular insular cortex Prerubral field

rostral claustrum Retrorubral field

interstitial nucleus of the posterior limb
   of the anterior commissure

intermediate layers of superior colliculus

pontine reticular nuclei

lateral septum medullary reticular formation

medial septum nucleus ambiguus

vertical limb of the diagonal band nucleus of the solitary tract

accumbens dorsal vagal complex

ventral pallidum

lateral preoptic area

medial preoptic area

ventral bed nucleus of the stria
      terminalis

sublenticular region

lateral hypothalamus

dorsal hypothalamus

entopeduncular nucleus

hypothalamic paraventricular nucleus

thalamic parafascicular nucleus

tuber cinereum

magnocellular preoptic nucleus

zona incerta

Supramammillary nucleus

periaqueductal gray

lateral habenula

ventral tegmental area

substantia nigra compacta

substantia nigra reticulata

Red nucleus

Basal Ganglia. Author manuscript; available in PMC 2012 November 01.


