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The dorsal raphe nucleus (DRN) represents one of the most sensitive reward sites in the brain. However, the exact relationship between DRN neuronal activity and reward signaling has been elusive. In this review, we will summarize anatomical,
pharmacological, optogenetics, and electrophysiological studies on the functions and circuit mechanisms of DRN
neurons in reward processing. The DRN is commonly associated with serotonin (5-hydroxytryptamine; 5-HT), but this
nucleus also contains neurons of the neurotransmitter phenotypes of glutamate, GABA and dopamine. Pharmacological
studies indicate that 5-HT might be involved in modulating reward- or punishment-related behaviors. Recent optogenetic
stimulations demonstrate that transient activation of DRN neurons produces strong reinforcement signals that are carried
out primarily by glutamate. Moreover, activation of DRN 5-HT neurons enhances reward waiting. Electrophysiological recordings reveal that the activity of DRN neurons exhibits diverse behavioral correlates in reward-related tasks. Studies so far
thus demonstrate the strong power of DRN neurons in reward signaling and at the same time invite additional efforts to
dissect the roles and mechanisms of different DRN neuron types in various processes of reward-related behaviors.

Natural rewards such as food, water, sex, and social interaction are
critical resources for animals to survive and reproduce. Rewards
generate hedonia impacts, motivate behaviors, and direct learning (Berridge et al. 2009). In a changing environment, animals
need to constantly adapt their behaviors to obtain rewards.
Psychiatric disorders such as major depression and schizophrenia
often manifest the symptoms related to deficits in reward processing, such as the failure to experience pleasure and a reduction in
motivation (Der-Avakian and Markou 2012).
Since the initial demonstration by Olds and Milner using the
approach of electrical intracranial self-stimulation (ICSS) in rats
(Olds and Milner 1954), numerous studies have identified the
so-called brain reward system—a set of discrete brain structures
that are important for processing reward signals. Within the reward system, dopamine neurons in the midbrain ventral tegmental area (VTA) play crucial roles (Schultz et al. 1997; Dayan and
Balleine 2002; Cohen et al. 2012; Lammel et al. 2012). The VTA
forms strong reciprocal connections with several brain areas,
such as the nucleus accumbens (NAc), lateral hypothalamus,
and prefrontal cortex (Calabresi et al. 2007). These areas are also
considered important stations in the reward system.
Early mapping with electrical ICSS provides the initial hint
that the dorsal raphe nucleus (DRN) in the midbrain might
be a reward hot spot (Simon et al. 1976; Van Der Kooy et al.
1978; Corbett and Wise 1979; Rompre and Miliaressis 1985).
Consistent with this finding, the DRN forms rich interconnections with many stations in the reward system (Peyron et al.
1998; Dorocic et al. 2014; Ogawa et al. 2014; Weissbourd et al.
2014). The DRN is best known as the origin of extensive serotonergic projections to the forebrain. The brain serotonergic system has
attracted particular interests because the 5-HT signaling pathway
has been successfully targeted to treat depression, schizophrenia,
and general anxiety (Owens and Nemeroff 1994; Hirschfeld
2000). The involvement of the 5-HT in reward processing has
been extensively demonstrated by studies using diverse approach-

es, including lesion, pharmacological manipulations, genetics,
electrophysiological recordings, and behavioral assays. However,
data from different experiments often lead to seemingly contradictory views on the exact functions of 5-HT or DRN neurons
as a whole. It has been theorized that 5-HT mediates the behavioral responses to aversive stimuli (punishment) by antagonizing the action of dopamine (Soubrie et al. 1986; Deakin and Graeff
1991; Daw and Touretzky 2002; Dayan and Huys 2009). Moreover,
5-HT may track long-term reward states at slow time scales (minutes to hours) and modulate mood (Daw et al. 2002; Savitz et al.
2009). Finally, 5-HT may mediate behavioral inhibition and promote animal patience while waiting for reward (Soubrie et al.
1986; Miyazaki et al. 2011a,b). These earlier data and theories
have been summarized by several excellent reviews (Dayan and
Huys 2009; Kranz et al. 2010; Hayes and Greenshaw 2011;
Miyazaki et al. 2012a; Nakamura 2013).
The DRN also contains a substantial number of nonserotonergic neurons and 5-HT can also be released by neurons outside
the DRN, suggesting the difficulty in accurately inferring dorsal
raphe functions by investigating the effects of 5-HT alone.
Through directly manipulating or recording the activity of DRN
neurons, a number of studies recently provided some exciting
new insights into the functions of these neurons in reward signaling. In this review, we will focus on more recent studies on this
topic and discuss their functional implications as well as important future experiments.

Cell types and anatomical connectivity
of the DRN
As a highly conserved brain structure in vertebrates, the DRN is a
sector-shaped nucleus located ventral to the midbrain aqueduct.
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It comprises the largest population of 5-HT neurons (9000 in
mice) (Ishimura et al. 1988). 5-HT neurons consist of up to twothirds of total neurons in the DRN and provide 70% of 5-HT
in the forebrain (Hökfelt et al. 2000; Commons 2009; Fu et al.
2010; Hioki et al. 2010). Neurons expressing the 5-HT markers
of tryptophan hydroxylase 2 (Tph2) and serotonin transporter
(SERT) are located in the midline area and the two lateral wings
of the DRN (Fig. 1A). These neurons release 5-HT throughout
the brain to trigger a wide range of signaling pathways via at least
14 receptors in mammals (Green 2006; Hayes and Greenshaw
2011; Lesch and Waider 2012). DRN 5-HT neurons are heterogeneous in cell morphology, neurochemical markers, projection
preferences, function topography, and electrophysiological properties (Abrams et al. 2004; Calizo et al. 2011; Bang et al. 2012).
Recently, three independent groups mapped the whole-brain inputs to the DRN 5-HT neurons using the transsynaptic tracing
method based on modified rabies virus (Dorocic et al. 2014;
Ogawa et al. 2014; Weissbourd et al. 2014). Similar to VTA dopamine neurons (Ogawa et al. 2014), DRN 5-HT neurons receive
broad and dense inputs from a broad range of forebrain and limbic
structures that are tightly involved in reward processing and emotion control (Fig. 1B; Dorocic et al. 2014; Ogawa et al. 2014;
Weissbourd et al. 2014).
In addition to 5-HT, glutamate is released by many DRN projection neurons. Many DRN neurons express the vesicular glutamate transporter 3 (VGluT3) but not VGluT1 and VGluT2
(Fremeau et al. 2002; Gras et al. 2002; Schäfer et al. 2002;
Herzog et al. 2004). VGluT3 is found in approximately two-thirds
of 5-HT neurons, especially those located along the midline
(Fig. 1A; Hioki et al. 2010). A subset of VGluT3+ neurons within
the shell region of the DRN dorsal part (DRD shell) is nonserotonergic, whereas most 5-HT neurons in the two lateral wings
lack VGluT3 expression (Hioki et al. 2010; Liu et al. 2014).
Whole-cell recordings from brain slices demonstrate that DRN
neurons release glutamate in a VGluT3-dependent manner (Liu
et al. 2014; Qi et al. 2014). VGluT3+ serotonergic fibers are present in the cerebral cortex, lateral septum (Shutoh et al. 2008),
VTA (Qi et al. 2014), hippocampus (Jackson et al. 2009), and olfactory bulb (Suzuki et al. 2015), whereas nonserotonergic VGluT3+
fibers mainly target the VTA/substantial nigra compacta (SNc),
multiple hypothalamic and thalamic areas, preoptic area, ventral
palladium, hippocampus, and medial septum (Jackson et al. 2009;
Hioki et al. 2010; Qi et al. 2014). The inputs to DRN VGluT3+ neu-

A

rons are yet to be mapped in the cell-type specific manner using
the rabies virus approach.
GABAergic neurons are found mainly in the lateral DRN,
with a very small minority coexpressing markers for 5-HT but
not glutamate (Hioki et al. 2010). As the major interneurons in
the DRN, they express 5-HT2 receptors to receive local serotonergic input and mediate feedback inhibition to 5-HT neurons (Liu
et al. 2000). Recent transsynaptic tracings reveal that DRN
GABA neurons share a largely similar input pattern with 5-HT
neurons (Dorocic et al. 2014; Weissbourd et al. 2014). However,
neurons from the central amygdala and the bed nucleus of the
stria terminalis preferentially innervate GABAergic neurons, suggesting that these brain areas exert a more powerful modulation
of DRN functions through GABAergic interneurons (Weissbourd
et al. 2014).
A small fraction of DRN neurons (1000 in mice) in the
rostral-dorsal part of the DRN expresses the dopamine markers tyrosine hydroxylase and dopamine transporter (DAT) (Flores et al.
2004). These neurons do not express 5-HT markers, indicating
that they form a separate neuron population (Stratford and
Wirtshafter 1990; Hioki et al. 2010). They resemble VTA dopamine neurons in terms of projection patterns and electrophysiological properties, suggesting that this cell population represents
an extension of the A10 dopamine system (Descarries et al.
1986; Yoshida et al. 1989; Stratford and Wirtshafter 1990;
Dougalis et al. 2012).

Pharmacological manipulations provide
conflicting views
Initial pharmacological studies provided some exciting but apparently conflicting conclusions on the functions of 5-HT in
reward-related behaviors. Many experiments support the theory
that 5-HT encodes punishment signals by opposing dopamine actions (Tye et al. 1977; Hashimoto et al. 1996; Daw et al. 2002;
Clarke et al. 2004; Di Giovanni et al. 2010; Macoveanu 2014).
Altering central 5-HT levels negatively affects reward effects elicited by natural rewarding stimuli (Fletcher et al. 1999; Sanders et al.
2007), addictive drug (Leccese and Lyness 1984; Smith et al. 1986;
Carroll et al. 1990; McGregor et al. 1993; Peltier and Schenk
1993), and electrical ICSS (Redgrave 1978; Bauer et al. 2013).
Reward inhibition by 5-HT appears to be mainly mediated by
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Figure 1. Neuron types in the DRN and the connectivity of 5-HT neurons. (A) A cartoon shows the distribution of 5-HT, glutamate, GABA and dopamine
neurons in the DRN. Note that some neurons express markers for both 5-HT and glutamate. (B) Input and output patterns of DRN 5-HT neurons. (mPFC)
medial prefrontal cortex, (OFC) orbitofrontal cortex, (VP) ventral pallidum, (NAc) nucleus Accumbens, (LHb) lateral Habenula, (BST) bed nucleus of the
stria terminalis, (CeM) central amygdala, (LH) lateral hypothalamus, (DRN) dorsal raphe nucleus, (VTA) ventral tegmental area, (SNc) substantia nigra
pars compacta, (RMTg) rostromedial tegmental nucleus, and (LDT) laterodorsal tegmental nucleus.
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the 5-HT2C receptor (Higgins and Fletcher 2003; Cunningham
et al. 2011; Katsidoni et al. 2011). In addition, infusion of 5-HT
or 5-HT1B receptor agonists into the NAc decreases amphetamine self-administration (Fletcher et al. 2002) and amphetamineconditioned reward response (Fletcher 1996; Fletcher and Korth
1999). The application of 8-OH-DPAT, a 5-HT1A auto-receptor agonist that mainly inhibits 5-HT neurons and decreases 5-HT levels
in the VTA (Chen and Reith 1995), increases the firing of VTA dopamine neurons (Prisco et al. 1994) and elicits conditioned place
preference (Fletcher et al. 1993). Finally, intra-DRN infusion of
GABAA or GABAB receptor agonists supports self-administration
in rats (Liu and Ikemoto 2007; Shin and Ikemoto 2010), although
it is unclear whether activating GABA receptors truly reduces 5-HT
release from the DRN (Tao et al. 1996; Abellán et al. 2000). In addition to the direct effects on reward, many other studies find that
global 5-HT depletion results in impulsive, fast-responding, and
premature behavioral responses, suggesting that the 5-HT signaling system may be important for behavioral inhibition and impulsivity control (Harrison et al. 1997; Winstanley et al. 2004;
Miyazaki et al. 2012a).
Although these experiments support the notion that DRN
neurons release 5-HT to inhibit natural or drug-induced reward
via dopamine antagonism, data from many other studies lead
to opposite views. An early study reported that electrical selfstimulation of the medial forebrain bundle is potentiated by
5-HT infusion near the area of dopamine neurons in the ventral
midbrain and suggests that 5-HT sensitizes reward (Redgrave
and Horrell 1976). MDMA (3, 4-methylenedioxymethamphetamine), a psychoactive drug, creates euphoric surge through massive release of 5-HT (Gartside et al. 1997; Liechti and Vollenweider
2001). Selective serotonin reuptake inhibitors (SSRIs) are commonly used to treat depression by blocking SERT to increase
5-HT levels (Hirschfeld 2000). Diet rich in tryptophan increases
serotonin release and induces rewarding effects in rats (Orosco
et al. 2004). Local dopamine release is increased following infusion of 5-HT or SSRIs into the rat prefrontal cortex (Matsumoto
et al. 1999). Fluoxetine, the most commonly used SSRI, induces
conditioned reward response even in dopamine-deficient mice
(Sasaki-Adams and Kelley 2001; Hnasko et al. 2007). Depleting
5-HT impairs reward learning and reward processing in human
and rodents (Izquierdo et al. 2012; Seymour et al. 2012).
Furthermore, 5-HT2C receptors are expressed both in VTA dopamine and GABA neurons (Bubar and Cunningham 2007; Bubar
et al. 2011) and exert more complex effects than merely inhibiting
VTA dopamine neurons (Minabe et al. 1996, 2001; Blackburn et al.
2002). Finally, cocaine self-administration is sensitized by genetic
deletion of 5-HT1B receptor and suppressed by 5-HT receptor agonists, leading to the interpretation that 5-HT enhances drug reward values (Rocha et al. 1998; Przegaliński et al. 2007).
Genetic manipulations also offer a very complex picture. For
example, knocking out SERT reduces mouse reward-seeking behaviors (Sanders et al. 2007) but improves reversal learning
(Brigman et al. 2010). SERT knockout rats are unable to change behaviors based on expected reward values in a Pavlovian reinforcer
devaluation paradigm (Nonkes et al. 2010), and respond excessively to the conditioned stimuli in an operant conditioning
task (Nonkes and Homberg 2013). Knocking out Tph2 results in
impulsivity, hyper-aggression, and abnormal sociosexual behaviors (Savelieva et al. 2008; Liu et al. 2011; Angoa-Perez et al.
2012; Kane et al. 2012; Zhang et al. 2013; Gutknecht et al. 2015).
How to reconcile these different and often opposite findings?
Some of the conflicts may be produced by the difference in drugs,
their delivery approaches (systemic versus local infusion), targeted brain areas, and dosages (high versus low). Although pharmacological studies produce many interesting insights into the
functions of the 5-HT signaling pathway, it is difficult to precisely
www.learnmem.org

link the drug effects to the activity of DRN 5-HT neurons. Drug infusion tends to be slow and diffusive. Moreover, application of a
specific receptor agonist or antagonist into a given brain area inevitably misses the global picture of how DRN 5-HT neurons modulate or organize behaviors by acting on the full set of 5-HT and
glutamate receptors throughout their downstream brain areas
(Hayes and Greenshaw 2011). To overcome many of these shortcomings, we need to manipulate (stimulate, inhibit, and ablate)
dorsal raphe neurons in a cell-type-specific and temporally precise
manner. In addition, we need to understand the activity patterns
of different types and subtypes of dorsal raphe neurons while animals perform various reward-associated tasks.

Optogenetics reveal two different roles of DRN
neurons in reward processing
The development of optogenetic tools allows temporally precise
manipulation of DRN neuron activity in a cell-type specific manner (Boyden et al. 2005; Fenno et al. 2011). Recently, several
groups studied the effect of stimulating various types of DRN neurons on several reward-associated tasks. Table 1 summarizes the
targeted cell types, optogenetic tools, behavioral assays, and key
findings.
Two main conclusions can be reached from these optogenetic experiments so far. First, activation of DRN neurons strongly
drives reward behaviors primarily in a glutamate-dependent manner. Optogenetic suppression of DRN GABA neuron activity disinhibits non-GABA neurons and prevents mice from acquiring
social avoidance (Challis et al. 2013), which gives the initial
hint that the activity of DRN non-GABA neurons may reduce
the aversiveness of social defeat. Our group examined the behavioral effects of optogenetic stimulation of mouse DRN Pet-1 neurons (Liu et al. 2014), which consist of mostly 5-HT neurons
(90%) and some purely glutamate neurons (10%). Brief stimulations (2 –3 sec) support light self-administration, shift sucrose
preference, guide olfactory discrimination learning, and rapidly
shape the firing pattern of cortical neurons in a closed-loop
brain –machine interface (Liu et al. 2014). Moreover, activation
of DRN Pet-1 neurons, resembling the natural reward of sucrose,
directs the formation of the prospective activation patterns in
the orbitofrontal cortex (Zhou et al. 2015). Pet-1 neurons release
both 5-HT and glutamate in the VTA and NAc and the glutamate
release requires VGluT3 (Liu et al. 2014). Surprisingly, the reward
effects are substantially reduced by knocking out VGluT3 but not
Tph2 (Fig. 2A), the key enzyme for central 5-HT synthesis (Walther
et al. 2003). The residue reward effect in VGluT3 KO mice is abolished by chemical depletion of 5-HT (Liu et al. 2014). Genetic
depletion of central 5-HT weakens the reinforcement ability of
DRN stimulation when mice are engaged in more challenging
tasks, suggesting a role of 5-HT in maintaining high motivation
(Fig. 2B; Liu et al. 2014). Thus, stimulation of DRN Pet-1 neurons
produces reward signals mainly through glutamate, although
5-HT also plays a role. The contribution of both glutamate and
5-HT in reward signaling may offer a new perspective to understand the paradox role of SSRI on depression (Fischer et al. 2015).
Two other studies report that optogenetic stimulation of
DRN neurons drives reward behavior and emphasizes the contribution of glutamate (McDevitt et al. 2014; Qi et al. 2014).
McDevitt et al. reported that light self-administration is supported
by activating all DRN neurons, but not specific subpopulations of
5-HT, dopamine, or GABA neurons. The authors further demonstrated that DRN neurons release glutamate in the VTA and suggested the importance of glutamate neurotransmission from the
DRN to the VTA (McDevitt et al. 2014). Qi et al. (2014) directly examined the physiological and behavioral effects of optogenetic
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Table 1.

Recent optogenetic studies that investigate the relationship between the DRN and reward

Key findings

Behavioral tests

Mouse strains (cell type)

Tools

Studies

Suppression of GABA neurons
enhances the activity of 5-HT
neurons and prevents the
acquisition of social avoidance.

Social interaction

GAD2-Cre (Taniguchi et al.
2011)
(GABA cells)

AAV-DFI-Arch

(Challis
et al.
2013)

† Activation of Pet-1 neurons
reinforces behavior and drives fast
behavioral and neural learning.
† Pet-1 neurons are tonically
activated during reward
expectation and consumption.
† Loss of either glutamate or 5-HT
transmission impairs reward
effects.

iClass; Operant light self-stimulation;
Two-bottle preference; Conditioned
place preference; Go/No-go olfactory
learning; Brain– machine interface
task

ePet1-Cre (Scott et al. 2005)
(Pet-1 cells;90% 5-HT;10%
glutamate only)
ePet1-Cre × Tph22/2 (Pet-1
cells lacking Tph2)
ePet1-Cre × VGluT32/2
(Pet-1 cells lacking VGluT3)

AAV-DIO-ChR2

(Liu et al.
2014)

Nonserotonergic neurons signal
reward through VTA dopamine
neurons

Real-time place preference; Operant
self-stimulation

Cre ON/OFF
ChR2

(McDevitt
et al.
2014)

Projection from DRN
VGluT3-expressing neurons to VTA
dopamine neurons mediates
strong reward.
Activation of 5-HT neurons enhances
animals’ patience but is not
rewarding
Orbitofrontal neurons exhibit similar
conditioned responses toward
DRN stimulation and sucrose
solutions.
Activation of 5-HT neurons promotes
patience of animals but does not
reinforce animal behaviors.

Real-time place preference; Operant
self-stimulation

ePet1-Cre (Scott et al. 2005)
(Pet-1 cells)
Sert-Cre (Zhuang et al. 2005)
(SERT-expressing 5-HT cells)
Vgat-Cre (Vong et al. 2011)
(GABA cells)
Sert-Cre Tph2lox/lox (Wu et al.
2012)
Neurons lacking 5-HT
VGluT3-Cre (Grimes et al.
2011)
(VGluT3-expressing glutamate
cells)
Tph2-ChR2(C128S) (Ohmura
et al. 2014)
(Tph2-expressing 5-HT cells)
ePet1-Cre (Scott et al. 2005)
(Pet-1 cells)

AAV-DIO-ChR2

(Qi et al.
2014)

transgenic ChR2
expression

(Miyazaki
et al.
2014)
(Zhou et al.
2015)

Sequential tone-food waiting task
Optogenetic Pavlovian conditioning

Reward waiting task; Light
self-stimulation

SERT-Cre (Gong et al. 2007)
(SERT-expressing 5-HT cells)

stimulation of VGluT3-expressing neurons in the mouse DRN.
Stimulating axonal fibers from VGluT3+ neurons results in glutamate release and activates VTA mesoaccumbens dopamine neurons in brain slices. In addition, optogenetic stimulation of DRN
VGluT3 neurons reinforces instrumental behavior and establishes
conditioned place preference, suggesting the strong potential of
glutamate neurons in reward signaling (Qi et al. 2014).
The second major conclusion arises from two optogenetic
studies that demonstrate a significant effect of activating DRN
5-HT neurons on promoting reward waiting (Miyazaki et al.
2014; Fonseca et al. 2015). In both studies, mice were trained
to perform a delayed reward task. Optogenetic stimulation of
DRN 5-HT neurons increases animal’s capacity of waiting for delayed reward delivery (Miyazaki et al. 2014; Fonseca et al. 2015).
Furthermore, the patience-promoting effect does not rely on
behavioral reinforcement. These interesting observations are consistent with physiological recordings that show activation of putative 5-HT neurons in the rat DRN while animals wait for rewards
and conditioned reinforcement tones (Miyazaki et al. 2011a,b).
The reward waiting capacity of animals is impaired by inhibiting
5-HT neurons with pharmacological and optogenetic methods
(Miyazaki et al. 2012b, 2014). Although the underlying neurotransmitter remains to be probed, this series of studies strongly indicates that the activity of DRN 5-HT neurons serves to bridge
delays to future rewards and reward-related stimuli (Miyazaki
et al. 2012a).
Additional experiments are required to clarify why mouse behaviors are strongly reinforced by stimulation of Pet-1 neurons
but not 5-HT neurons marked with SERT or Tph2 (Liu et al.
2014; McDevitt et al. 2014; Miyazaki et al. 2014; Fonseca et al.
www.learnmem.org

AAV-DIO-ChR2

AAV-DIO-ChR2

(Fonseca
et al.
2015)

2015). One possibility lies in the choice of mouse lines. Although
the ePet1-Cre mouse line labels .95% of the DRN TPH2+ neurons
in adult mice (Scott et al. 2005; Liu et al. 2014), a subpopulation of
5-HT neurons does not express Pet-1 gene (Kiyasova et al. 2011).
Furthermore, Pet-1 neurons consist of both 5-HT neurons (90%)
and glutamate neurons (10%). The discrepancy might be

A

B

Figure 2. Both glutamate and 5-HT contribute to reward signaling of
DRN Pet-1 neurons. (A) Plots of cumulative active nose-pokes of mice
showing that optogenetic stimulation of DRN Pet-1 neurons supports
strong self-administration of light involving a fixed ratio 1:1 (FR1) schedule. Deleting the gene encoding VGluT3 but not Tph2 substantially
reduces the effectiveness of light stimulation. (B) Genetic deletion of
Tph2 drastically reduces animal performance in a test involving FR8
schedule, which requires mice making eight active pokes to receive
light delivery into the DRN. Adopted from Liu et al. 2014 with permission.
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additionally produced by differences in optogenetic tools, labeling efficiency, stimulation parameters (intensity and duration),
and behavioral tests (Table 1). For example, we used brief stimulation of DRN Pet-1 neurons (Liu et al. 2014), whereas other studies
used slightly longer and weaker stimulation of Tph2-expressing or
SERT-expressing neurons (Miyazaki et al. 2014; Fonseca et al.
2015).
Regardless the exact technical reasons, the optogenetic studies raise an important question on the exact contribution of glutamate and 5-HT to the reinforcement and reward waiting
potentials of DRN neurons. It has been proposed that the rewarding effect of DRN stimulation is mediated by the glutamate transmission from the DRN to the VTA (McDevitt et al. 2014; Miyazaki
et al. 2014; Qi et al. 2014; Ranade et al. 2014; Fonseca et al. 2015;
McDannald 2015). However, several lines of evidences suggest
that this interpretation might be overly simplified. Although
knocking out VGluT3 substantially reduces the potential of
behavioral reinforcement induced by stimulating Pet-1 neurons,
stimulation of VGluT32/2 Pet-1 neurons can condition animal
place preference and counter the innate sucrose preference at
the level of 1% sucrose (Liu et al. 2014). More important, the residue rewarding effects is abolished by chemical depletion of 5-HT
(Liu et al. 2014). There also exists substantial overlap between
5-HT neurons and glutamate neurons in the DRN (Hioki et al.
2010; Liu et al. 2014; Qi et al. 2014), including neurons projecting
to the VTA (Liu et al. 2014; Qi et al. 2014). Finally, several genetic
studies show that the 5-HT signaling pathway contributes to drug
reward in a dopamine-independent manner. Although it is commonly believed that the dopamine transporter DAT is crucial for
cocaine reward, knocking out DAT does not completely disrupt
cocaine reward (Sora et al. 1998), whereas additional knockout
of SERT does (Sora et al. 2001). Moreover, fluoxetine and cocaine
produces conditioned place preference in the dopamine-deficient
mice, suggesting that 5-HT is involved in mediating the cocaine
reward (Hnasko et al. 2007).

tend to be more tonically excited during tasks (Bromberg-Martin
et al. 2010). In a multitrial schedule task, the DRN neurons respond differentially to reward sizes, task events, and task progress,
and thus may provide a mechanism to mintor task states throughout goal-directed behaviors (Inaba et al. 2013). Recordings from
the rat DRN also reveal tonic firing toward delayed rewards or delayed reward-predicting tones (Miyazaki et al. 2011a). The tonic
signals of these neurons persist until successful reward/tone delivery or omission errors, suggesting a facilitation of waiting behavior by the DRN neurons. In addition to the tonic firing modes,
many rat DRN neurons exhibit transient firing activity that are selectively tuned to sensory cues, motor responses, and reward
events in a two-alternative choice behavior (Ranade and Mainen
2009). On the other hand, some recordings find negative correlations of DRN neuronal activity with reward signals. Subsets of
DRN neurons are activated or inhibited by intense noxious stimulus in anesthetized rats (Schweimer and Ungless 2010). In a contextual conditioned approach paradigm, DRN neurons are more
transiently activated by an auditory cue in a non-reward context
than in a reward context (Li et al. 2013). Interestingly, single
DRN neurons may be transiently activated by appetitive stimuli
transiently and slowly modulated by aversive stimuli, suggesting
that the DRN may encode both appetitive and aversive information at different time scales (Hayashi et al. 2015).
The diverse behavioral correlates of neuronal activity in the
DRN may reflect the substantial heterogeneity in the neurotransmitter phenotypes and functions of DRN neurons. Some extracellular recordings used spike waveform features to identify 5-HT
neurons. However, the combination of juxtacellular recording/labeling and immunohistochemistry has shown that this approach
can be quite inaccurate (Allers and Sharp 2003; Kirby et al. 2003;
Hajós et al. 2007; Schweimer et al. 2011). By identifying recorded
cell types with optical tagging, two recent studies examined the
activity patterns of putative 5-HT neurons in mice performing a
classical conditioning task. A majority of DRN Pet-1 (mostly
5-HT) neurons are tonically activated following reward-predicting
cues and during reward consumption in a cue-reward association
task (Fig. 3; Liu et al. 2014). Cohen et al. (2015) made the similar
observation among SERT-expressing 5-HT neurons. Moreover, the
baseline activity of some 5-HT neurons slowly fluctuates across
reward/punishment blocks. Surprisingly, a majority of 5-HT neurons fire phasically following air puff to the animal face, although
it remains unclear whether this indicates a response to punishment or salient sensory cues (Cohen et al. 2015).

Imaging and recordings reveal activation of DRN
neurons in reward tasks
Understanding the DRN functions requires the knowledge of activity patterns of DRN neurons, ideally from animals and humans
performing reward-related tasks. The fMRI method provides a
powerful tool to correlate the DRN neural activity with reward signals, particularly in humans and nonhuman primates. Tanaka
et al. (2004) showed that the DRN is activated prior to a large future gain together with a small immediate loss in human subjects.
The recreational drug MDMA strongly activates the DRN in awake
monkeys (Brevard et al. 2006). Other fMRI imagings report DRN
activation by social behaviors and social signals (Ferris et al.
2004; Acevedo et al. 2012). However, the neural responses of the
DRN are negatively covaried with the responses of the nucleus
accumbens to the magnitude of omitted rewards (Pedroni et al.
2011). In addition, global change of 5-HT levels results in mixed
response patterns in multiple brain areas, including those in the
brain reward system (Macoveanu 2014).
Electrophysiological recordings provide the information of
rapid neuronal activity change at the single-cell level. Earlier
single-unit recording in behaving animals mainly focused on
the association of putative DRN 5-HT neurons with sleep/awake
state (McGinty and Harper 1976; Sakai and Crochet 2001) and
motor activities (Fornal et al. 1996; Waterhouse et al. 2004).
Nakamura et al. (2008) first reported that the spike firing activity
of some primate DRN neurons is tonically modulated before and
after the delivery of juice reward and faithfully tracks the actual reward values. DRN neurons that encode the positive reward signals
www.learnmem.org
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Figure 3. The activity pattern of a DRN Pet-1 neuron from a behaving
mouse engaged in a cue-reward association task. Peristimulus time histogram shows the spike firing rate of the DRN Pet-1 neuron identified with
optical tagging. CS+ indicates an odorant predicting reward delivery
(sucrose). CS2 indicates an odorant predicting no sucrose delivery.
Adopted from Liu et al. 2014 with permission.
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The imaging and recording studies thus indicate that many
DRN neurons, including 5-HT neurons, are activated in various
reward-associated tasks. DRN neurons also encode a broad range
of sensory, motor, and other task-related variables in rewardseeking behaviors, suggesting that DRN neurons participate in
the evaluation and broadcasting of reward-related signals to modulate the forebrain functions related to reinforcement learning
and decision making. However, much needs to be done to elucidate the precise activity patterns of the DRN in more reward and
punishment-related tasks. Particularly, we need to record the activity of specific types of DRN neurons from freely behaving animals. In addition to classical conditioning, the reward tasks
should be expanded to include operant behaviors with precisely
controlled parameters of sensory cues, delays, cost, reward values,
and reward possibility.

ward tasks that dissociate various reward processes (Flusberg
et al. 2005; Cohen et al. 2012; Hochbaum et al. 2014). Finally,
newly developed viral tools and genetic models can be combined
to dissect circuit wiring and the molecular signaling pathways in
the upstream and downstream stations of the DRN.
The workload may seem daunting, but studies on the DRN
and reward should be very rewarding. Rewards are fundamental
to animals and humans and the deficits in reward processing are
closely linked to many devastating psychiatric disorders. Future
discoveries may not only provide a better understanding of the
neural mechanisms of animal behavior but also shed lights into
novel clinical approaches to treating human diseases.
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Summary and future directions
The close involvement of the DRN in reward processing has
been repeatedly demonstrated by anatomy, pharmacology, optogenetics, and electrophysiology. Recent optogenetic studies have
produced some particularly interesting insights into the contribution of glutamate to the reinforcing potentials of DRN neurons.
Moreover, activation of DRN 5-HT neurons promotes patience
in delayed reward tasks, suggesting a role of those neurons in reward waiting and compulsivity control.
Many more experiments are required to dissect the exact
functions of DRN neurons in reward processing. Reward stimuli
can be natural (food and sex) or artificial (drugs or brain stimulation), positive or negative (termination of punishment), and surprising or expected. In addition, reward behaviors consist of
multiple psychological processes. Rewards can increase animal
motivation (“wanting”), generate the feeling of pleasure (“liking”), and guide the learning process (Berridge et al. 2009). For rewards that are predicted by a sensory cue, the behavioral processes
of reward acquisition can be divided into cue detection, anticipation, approaching, waiting, consumption, post-consumption
analysis of reward value and cost, and the motivation for pursuit
of additional reward. Traditionally, dopamine is considered the
synonym of “reward” and dopamine neurons in the VTA has
been one of the most thoroughly studied neuron populations
for reward processing. Decades of intensive studies have led to
the attractive theories that VTA dopamine neurons encode reward
prediction error and incentive salience (Schultz et al. 1997;
Berridge 2007; Cohen et al. 2012). This suggests that many other
reward processes are accomplished by neurons outside the VTA,
possibly including neurons in the DRN.
In the last decade, we have witnessed drastic technological
developments that promise unparalleled power of probing the
functions and mechanisms of neural circuits. We now have numerous animal lines that allow us to specifically target 5-HT, glutamate, GABA, and dopamine neurons in the DRN (Scott et al.
2005; Zhuang et al. 2005; Grimes et al. 2011; Taniguchi et al.
2011; Vong et al. 2011). In light of the overlapping populations
of 5-HT and glutamate neurons, additional efforts should be devoted to generating tools that separate neuron subpopulations.
Optogenetics and chemogenetics can be applied to activate or inhibit various DRN neuron types in different processes of reward
behaviors (Boyden et al. 2005; Fenno et al. 2011; Urban and
Roth 2015) Particularly lacking now are the studies that investigate the necessity of DRN neurons by precisely suppressing the activity of specific cell types using optogenetics and chemogenetics
(Chuong et al. 2014; Sternson and Roth 2014). The activity patterns can now be examined with optical imaging and optically
tagged recordings from freely behaving animals performing rewww.learnmem.org
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