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Abstract
This commentary focuses on novel findings by Clark et al. (2017) published in eNeuro, which show that dopamine
D2 receptors (D2Rs) in the paraventricular nucleus of the thalamus (PVT) are involved in cocaine sensitization. We
extend the discussion on how their findings contribute to our understanding of the role of the PVT in drug seeking
by providing new insight on the role of the PVT in the regulation of food-seeking and fear responses. We also
consider the significance of the neuroanatomical findings reported by Clark et al., that the PVT is reciprocally
connected with areas of the brain involved in addiction and discuss the implications associated with the source
and type of dopaminergic fibers innervating this area of the thalamus.
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Significance Statement
This commentary focuses on novel findings by Clark et al.(2017) published in eNeuro that dopamine D2
receptors (D2Rs) in the paraventricular nucleus of the thalamus (PVT) are involved in cocaine sensitization.
The article describes experiments using a virally driven strategy in which the authors investigate the
anatomic, physiologic, and behavioral properties of D2R expressing neurons in the PVT. Here, we will
extend the discussion on how their findings contribute to our understanding of the role of the PVT in
drug-seeking behavior by providing new insight into the recently described participation of this region in the
regulation of food-seeking and fear responses. In addition, we will consider the significance of the
neuroanatomical findings reported by Clark et al.(2017), that the PVT is reciprocally connected with areas
of the brain involved in addiction and discuss the implications associated with the source and type of
dopaminergic fibers innervating this area of the thalamus.
There is an emerging agreement that the paraventricular nucleus of the midline thalamus (PVT) is an important
component of the forebrain circuits that mediate emotional and motivated behaviors (Kirouac, 2015). This has
been in part driven by the observation that the PVT sends
dense projections to the key areas of the brain involved in
the modulation of such behaviors including the nucleus
accumbens, prefrontal cortex, bed nucleus of the stria

terminalis, and the central and basolateral nuclei of the
amygdala (Li and Kirouac, 2008; Vertes and Hoover,
2008). Indeed, the recent surge of publications now establishes that the PVT contributes to the regulation of
diverse biological responses including stress (Bhatnagar
et al., 2003; Heydendael et al., 2011), fear (Li et al., 2014b;
Do-Monte et al., 2015; Penzo et al., 2015; Choi and
McNally, 2017), anxiety (Li et al., 2010; Heydendael et al.,
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2011), and food intake/sucrose-seeking responses (Choi
et al., 2012; Haight et al., 2015; Labouèbe et al., 2016;
Do-Monte et al., 2017; Livneh et al., 2017; Zhang and van
den Pol, 2017). The PVT has also been a special focus of
drug-seeking behavioral studies (Hamlin et al., 2009;
James et al., 2010; Browning et al., 2014; Barson et al.,
2015; Matzeu et al., 2015, 2016; Zhu et al., 2016) because
of its remarkable diversity of neurotransmitters and neuromodulators linked to motivation (Kirouac, 2015; Lee
et al., 2015). For example, a number of studies have
provided experimental evidence that the neuropeptides
orexins and cocaine- and amphetamine-related transcript
(CART) in the PVT contribute to cocaine- and alcoholseeking behavior (James et al., 2010; Barson et al., 2015;
Matzeu et al., 2015, 2016). The PVT also contains dopamine fibers and receptors but how this neuromodulator
critically linked to drug addiction contributes to PVT function remained unknown until now. A recent study by Clark
et al.(2017) helps fill this gap by demonstrating that activation of dopamine D2 receptors (D2Rs) inhibited neurons
in the PVT and that overexpression of these receptors
attenuated locomotor sensitization to cocaine.
Using in situ hybridization for D2R mRNA in wild-type
mice, Clark et al.(2017) first demonstrated that D2R are
densely expressed in several subnuclei of the midline
thalamus, with a particularly high expression in the PVT.
This same pattern of expression was also observed in
mice genetically modified to express green fluorescent
protein (GFP) in D2R-containing neurons. Next, to determine the electrophysiological effects of D2R activation in
PVT neurons, the authors performed whole-cell patch
clamp recordings of PVT neurons in vitro. They found that
a large proportion of D2R-containing PVT neurons were
tonically active and that application of the D2R agonist
quinpirole inhibited the firing rate of these cells without
altering the response of non-D2R-containing neurons in
the same region. Quantification of GFP positive neurons
revealed that approximately two thirds of PVT neurons
express D2R, a striking high density if we consider that
only one third of the nucleus accumbens neurons express
D2R (Richtand et al., 1995). High expression of inhibitory
D2R in PVT neurons could serve to compensate for the
lack of GABAergic inhibitory neurons in this region, as
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reported in previous studies (Celio, 1990) and confirmed
here by Clark et al.(2017).
To characterize the role of D2R in drug-seeking behavior, the authors used an elegant viral approach to overexpress DR2 exclusively in PVT neurons, and consequently
increase D2R signaling. Rodents repeatedly exposed to
drugs of abuse become more hyperactive, a widely described phenomenon known as locomotor sensitization
(Tirelli et al., 2003). Taking advantage of this robust behavioral alteration, the authors compared changes in locomotor activity in D2R-overexpressing mice versus
control mice after repeated injections of cocaine (15 mg/
kg, 5 d) or saline. Whereas both groups showed comparable levels of activity during the acquisition of locomotor
sensitization, D2R-overexpressing mice exhibited a significant reduction in locomotion in response to a cocaine
injection challenge performed a few days later. A role of
D2R in the modulation of cocaine-seeking behavior has
been previously described for the striatum (Dobbs et al.,
2017). In addition, attenuation of cocaine-seeking responses following lesion or pharmacological manipulation
of PVT has also been reported in previous studies (Young
and Deutch, 1998; James et al., 2010; Browning et al.,
2014; Matzeu et al., 2015, 2016). Here, Clark et al.(2017)
linked these two observations by demonstrating for the
first time that activation of D2R in PVT is sufficient to
reduce locomotor sensitization to cocaine. Notably, no
behavioral changes were detected when these same
D2R-overexpressing mice were exposed to a set of other
behavioral tests to evaluate sucrose-seeking, prepulse
inhibition, anxiety, and fear responses. One possible explanation for the effects observed for locomotor sensitization and not the other behavioral tests is that
overexpression of D2R in PVT neurons may not have been
sufficient to detect the endogenous changes in dopamine
levels occurring during these behavioral tests, but sufficient to detect the large increases in dopamine release
associated with locomotor sensitization to cocaine administrations. Another possibility is that separate populations of neurons in the PVT mediate different behavioral
responses. This is in part supported by the findings of
Clark et al.(2017), as well as other evidence showing that
PVT neurons are recruited to selectively modulate
cocaine-seeking without affecting sucrose-seeking responses (Matzeu et al., 2015, 2017). Alternatively, it is also
possible that the same PVT neurons could mediate both
drug and palatable food-seeking rewards, but different
inputs, systems of neurotransmission, or subtypes of receptors in these neurons are required for each one of
these behaviors. While the latter explanation would be
more consistent with the widely accepted view that drugs
of abuse and palatable food share the same neural circuits in the brain (Volkow et al., 2013; Millan et al., 2017),
further studies using optogenetic or chemogenetic tools
to temporarily inactivate D2R-containing PVT neurons
during these distinct behavioral tests may help to clarify
this important issue.
To identify the brain regions innervated by D2Rcontaining PVT neurons, the authors infused a Credependent adeno-associated virus (AAV-5-DIO-eYFP)
eNeuro.org
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into the PVT of DrD2-Cre mice to label the axonal projections of these neurons across the entire brain. The pattern
of innervation observed after specifically targeting D2Rcontaining neurons was consistent with previous tracing
studies describing the efferents of the posterior aspects
of PVT (Li and Kirouac, 2008). A dense plexus of axonal
fibers was found in the nucleus accumbens shell, bed
nucleus of the stria terminalis, prelimbic prefrontal cortex,
and agranular insular cortex. PVT fibers were also found in
the lateral, basal, and central subnuclei of the amygdala,
caudate putamen, and entorhinal cortex. It is also notable
that D2R expression was restricted to the medial/posterior aspect of the PVT and largely absent in the anterior
portion of PVT. Such neuroanatomical differentiation suggests that dopamine may exert a distinct effect on more
posterior regions of PVT. Although some studies have
demonstrated a functional dichotomy along the anteroposterior axis of PVT (Bhatnagar et al., 2003; Heydendael
et al., 2011; Alamilla et al., 2015; Barson and Leibowitz,
2015; Barson et al., 2015; Do-Monte et al., 2017; Haight
et al., 2017), a more detailed and systematic investigation
of the role of these two subregions of the PVT in the
modulation of learned and motivated behaviors is missing.
Clark et al.(2017) used a monosynaptic retrograde viral
tracing method in DR2-Cre mice to identify the brain
regions sending efferent projections to D2R-containing
PVT neurons. Surprisingly, the authors described that
some neurons in the nucleus accumbens and dorsal
striatum make monosynaptic connections with D2R-containing neurons in the PVT and concluded that PVT is
reciprocally connected with the striatum. This would be
the first anatomic evidence that we are aware of demonstrating that neurons in the striatum send direct feedback
projections to the thalamus. Previous studies using
traditional retrograde tracer methods did not show the
presence of striatal projections to PVT (Cornwall and
Phillipson, 1988; Chen and Su, 1990; Li and Kirouac,
2012). Therefore, one should question whether the few
labeled neurons that Clark et al.(2017) identified in the
striatum were the result of some artifact produced by the
pseudorabies viral tracing method used in their study
(e.g., anterograde transsynaptic transfer as previously described by Zampieri et al., 2014). While it is possible that
in some cases viral tracing methods may provide some
advantages in terms of its sensitivity to reveal new brain
pathways (Rajasethupathy et al., 2015), the existence of a
direct striatal-thalamic projection will require confirmation
using other tracing methods and a more accurate quantification of the number of labeled neurons in the striatum.
In contrast to the PVT-striatal pathway, the presence of
reciprocal connections between the PVT and the prefrontal cortex reported in Clark et al.(2017) agrees with previous findings showing that the PVT receives feedback
projections from the same prefrontal cortical areas that it
innervates (Li and Kirouac, 2012). The type of information
transmitted to the PVT by feedback projections from the
prefrontal cortex is not known. Nonetheless, recent studies using optogenetics and neuronal recording methods
have demonstrated a role of prelimbic cortical fibers to
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the PVT during the retrieval of both fear- and sucrosepredictive cues (Do-Monte et al., 2015; Otis et al., 2017).
In addition, presentation of a food-predictive stimulus
activated prelimbic neurons projecting to PVT (Haight
et al., 2017); and lesions of PVT neurons attenuated goaldirected behavior and increased the incentive salience of
reward-associated cues (Haight et al., 2015). Together,
these findings suggest a role of corticothalamic projections in
the regulation of emotional memories and behaviors. Whether
this pathway is also involved in drug-seeking responses remains an open question. One reasonable interpretation of the
experimental evidence collected thus far is that information from prefrontal cortical areas is integrated in the PVT
along with ascending signals from the brainstem and
hypothalamus in a way that contributes to the selection of
appropriate behavioral responses (Kirouac, 2015; Do
Monte et al., 2016).
It is also interesting to note that while the PVT receives
projections from dopamine neurons in the hypothalamus
and periaqueductal gray (Li et al., 2014a), the monosynaptic tracing method used by Clark et al.(2017) did not
result in the colabeling of neurons in these regions with
tyrosine hydroxylase, the rate limiting enzyme involved in
the synthesis of dopamine. The reason for these negative
results is likely due to the fact that transsynaptic uptake of
the rabies virus by dopamine fibers may be inefficient
because such fibers release their content extrasynaptically and do not make strong synapses (Wall et al., 2013).
From a functional perspective, dopamine neurons in the
hypothalamus and periaqueductal gray appear to relay
arousal related information (Lu et al., 2006; Léger et al.,
2010), and dopamine release in the PVT could serve to
modulate the effects of cortical inputs to PVT neurons in
a manner similar to how dopamine modulates cortical
inputs to the striatum (Floresco, 2007).
Low levels of striatal dopamine D2R may predispose
individuals to use stimulant drugs like cocaine (Dobbs
et al., 2017). Consistent with this, evidence discussed in
this article indicates that a large proportion of PVT neurons expressing D2R projects to the striatum, and that
overexpression of these receptors attenuates the locomotor sensitization associated with cocaine administrations.
These observations, along with previous findings showing
that increased activity in the PVT is linked to locomotor
sensitization and cocaine-seeking behavior (Young and
Deutch, 1998; James et al., 2010; Browning et al., 2014;
Matzeu et al., 2015, 2016), suggest that boosting D2R
activity in the PVT may be a good strategy for the treatment of cocaine addiction. A pharmacotherapeutic approach to enhance D2R function based on the genetic
makeup of each patient would represent one avenue for a
more targeted treatment (Nielsen et al., 2014). Alternatively, the identification of a unique genetic marker in
D2R-containing PVT neurons could be a logical step toward the development of new targeted therapies for substance abuse, similarly to what is being proposed for
other neurologic disorders (Miyamoto et al., 2012; Chahrour et al., 2016).
eNeuro.org

Commentary

References
Alamilla J, Granados-Fuentes D, Aguilar-Roblero R (2015) The anterior paraventricular thalamus modulates neuronal excitability in the
suprachiasmatic nuclei of the rat. Eur J Neurosci 42:2833–2842.
CrossRef Medline
Barson JR, Leibowitz SF (2015) GABA-induced inactivation of dorsal
midline thalamic subregions has distinct effects on emotional
behaviors. Neurosci Lett 609:92–96. CrossRef Medline
Barson JR, Ho HT, Leibowitz SF (2015) Anterior thalamic paraventricular nucleus is involved in intermittent access ethanol drinking: role of
orexin receptor 2. Addict Biol 20:469 –481. CrossRef Medline
Bhatnagar S, Huber R, Lazar E, Pych L, Vining C (2003) Chronic
stress alters behavior in the conditioned defensive burying test:
role of the posterior paraventricular thalamus. Pharmacol Biochem
Behav 76:343–349. Medline
Browning JR, Jansen HT, Sorg BA (2014) Inactivation of the paraventricular thalamus abolishes the expression of cocaine conditioned place preference in rats. Drug Alcohol Depend 134:387–
390. CrossRef Medline
Celio MR (1990) Calbindin D-28k and parvalbumin in the rat nervous
system. Neuroscience 35:375–475. Medline
Chahrour M, O’Roak BJ, Santini E, Samaco RC, Kleiman RJ, Manzini
MC (2016) Current perspectives in autism spectrum disorder: from
genes to therapy. J Neurosci 36:11402–11410. CrossRef Medline
Chen S, Su HS (1990) Afferent connections of the thalamic paraventricular and parataenial nuclei in the rat–a retrograde tracing study with
iontophoretic application of Fluoro-Gold. Brain Res 522:1–6. Medline
Choi DL, Davis JF, Magrisso IJ, Fitzgerald ME, Lipton JW, Benoit SC
(2012) Orexin signaling in the paraventricular thalamic nucleus
modulates mesolimbic dopamine and hedonic feeding in the rat.
Neuroscience 210:243–248. CrossRef Medline
Choi EA, McNally GP (2017) Paraventricular thalamus balances danger and reward. J Neurosci 37:3018 –3029. CrossRef Medline
Cornwall J, Phillipson OT (1988) Afferent projections to the dorsal
thalamus of the rat as shown by retrograde lectin transport–I. The
mediodorsal nucleus. Neuroscience 24:1035–1049. Medline
Do-Monte FH, Quiñones-Laracuente K, Quirk GJ (2015) A temporal
shift in the circuits mediating retrieval of fear memory. Nature
519:460 –463. CrossRef Medline
Do-Monte FH, Minier-Toribio A, Quiñones-Laracuente K, MedinaColón EM, Quirk GJ (2017) Thalamic regulation of sucrose seeking
during unexpected reward omission. Neuron 94:388 –400.e4. CrossRef
Do Monte FH, Quirk GJ, Li B, Penzo MA (2016) Retrieving fear
memories, as time goes by. Mol Psychiatry 21:1027–1036. CrossRef
Dobbs LK, Lemos JC, Alvarez VA (2017) Restructuring of basal
ganglia circuitry and associated behaviors triggered by low striatal
D2 receptor expression: implications for substance use disorders.
Genes Brain Behav 16:56 –70. CrossRef Medline
Floresco SB (2007) Dopaminergic regulation of limbic-striatal interplay. J Psychiatry Neurosci 32:400 –411. Medline
Haight JL, Fraser KM, Akil H, Flagel SB (2015) Lesions of the
paraventricular nucleus of the thalamus differentially affect signand goal-tracking conditioned responses. Eur J Neurosci 42:
2478 –2488. CrossRef Medline
Haight JL, Fuller ZL, Fraser KM, Flagel SB (2017) A food-predictive
cue attributed with incentive salience engages subcortical afferents and efferents of the paraventricular nucleus of the thalamus.
Neuroscience 340:135–152. CrossRef Medline
Hamlin AS, Clemens KJ, Choi EA, McNally GP (2009) Paraventricular
thalamus mediates context-induced reinstatement (renewal) of
extinguished reward seeking. Eur J Neurosci 29:802–812. CrossRef Medline
Heydendael W, Sharma K, Iyer V, Luz S, Piel D, Beck S, Bhatnagar
S (2011) Orexins/hypocretins act in the posterior paraventricular
thalamic nucleus during repeated stress to regulate facilitation to
novel stress. Endocrinology 152:4738 –4752. CrossRef Medline
November/December 2017, 4(6) e0378-17.2017

4 of 5

James MH, Charnley JL, Jones E, Levi EM, Yeoh JW, Flynn JR,
Smith DW, Dayas CV (2010) Cocaine- and amphetamine-regulated
transcript (CART) signaling within the paraventricular thalamus
modulates cocaine-seeking behaviour. PLoS One 5:e12980.
CrossRef Medline
Kirouac GJ (2015) Placing the paraventricular nucleus of the thalamus within the brain circuits that control behavior. Neurosci Biobehav Rev 56:315–329. CrossRef Medline
Labouèbe G, Boutrel B, Tarussio D, Thorens B (2016) Glucoseresponsive neurons of the paraventricular thalamus control
sucrose-seeking behavior. Nat Neurosci 19:999 –1002. CrossRef
Lee JS, Lee EY, Lee HS (2015) Hypothalamic, feeding/arousalrelated peptidergic projections to the paraventricular thalamic nucleus in the rat. Brain Res 1598:97–113. CrossRef Medline
Léger L, Sapin E, Goutagny R, Peyron C, Salvert D, Fort P, Luppi PH
(2010) Dopaminergic neurons expressing Fos during waking and
paradoxical sleep in the rat. J Chem Neuroanat 39:262–271.
CrossRef
Li S, Kirouac GJ (2008) Projections from the paraventricular nucleus
of the thalamus to the forebrain, with special emphasis on the
extended amygdala. J Comp Neur 506:263–287. CrossRef Medline
Li S, Kirouac GJ (2012) Sources of inputs to the anterior and posterior aspects of the paraventricular nucleus of the thalamus. Brain
Struct Funct 217:257–273. CrossRef Medline
Li S, Shi Y, Kirouac GJ (2014a) The hypothalamus and periaqueductal gray are the sources of dopamine fibers in the paraventricular
nucleus of the thalamus in the rat. Front Neuroanat 8:136.
Li Y, Li S, Wei C, Wang H, Sui N, Kirouac GJ (2010) Orexins in the
paraventricular nucleus of the thalamus mediate anxiety-like responses in rats. Psychopharmacology (Berl) 212:251–265. CrossRef Medline
Li Y, Dong X, Li S, Kirouac GJ (2014b) Lesions of the posterior
paraventricular nucleus of the thalamus attenuate fear expression.
Front Behav Neurosci 8:94.
Livneh Y, Ramesh RN, Burgess CR, Levandowski KM, Madara JC,
Fenselau H, Goldey GJ, Diaz VE, Jikomes N, Resch JM, Lowell BB,
Andermann ML (2017) Homeostatic circuits selectively gate food
cue responses in insular cortex. Nature 546:611–616. CrossRef
Medline
Lu J, Jhou TC, Saper CB (2006) Identification of wake-active dopaminergic neurons in the ventral periaqueductal gray matter. J
Neurosci 26:193–202. CrossRef Medline
Matzeu A, Weiss F, Martin-Fardon R (2015) Transient inactivation of
the posterior paraventricular nucleus of the thalamus blocks
cocaine-seeking behavior. Neurosci Lett 608:34 –39. CrossRef
Medline
Matzeu A, Kerr TM, Weiss F, Martin-Fardon R (2016) Orexin-A/
hypocretin-1 mediates cocaine-seeking behavior in the posterior
paraventricular nucleus of the thalamus via orexin/hypocretin
receptor-2. J Pharmacol Exp Ther 359:273–279. CrossRef Medline
Matzeu A, Cauvi G, Kerr TM, Weiss F, Martin-Fardon R (2017) The
paraventricular nucleus of the thalamus is differentially recruited by
stimuli conditioned to the availability of cocaine versus palatable
food. Addict Biol 22:70 –77. CrossRef Medline
Millan EZ, Ong Z, McNally GP (2017) Paraventricular thalamus: gateway to feeding, appetitive motivation, and drug addiction. Prog
Brain Res 235:113–137. CrossRef Medline
Miyamoto S, Miyake N, Jarskog LF, Fleischhacker WW, Lieberman
JA (2012) Pharmacological treatment of schizophrenia: a critical
review of the pharmacology and clinical effects of current and
future therapeutic agents. Mol Psychiatry 17:1206 –1227. CrossRef Medline
Nielsen DA, Nielsen EM, Dasari T, Spellicy CJ (2014) Pharmacogenetics of addiction therapy. Methods Mol Biol 1175:589 –624.
CrossRef Medline
Otis JM, Namboodiri VM, Matan AM, Voets ES, Mohorn EP, Kosyk O,
McHenry JA, Robinson JE, Resendez SL, Rossi MA, Stuber GD
(2017) Prefrontal cortex output circuits guide reward seeking through
divergent cue encoding. Nature 543:103–107. CrossRef Medline
eNeuro.org

Commentary
Penzo MA, Robert V, Tucciarone J, De Bundel D, Wang M, Van Aelst
L, Darvas M, Parada LF, Palmiter RD, He M, Huang ZJ, Li B (2015)
The paraventricular thalamus controls a central amygdala fear
circuit. Nature 519:455–459. CrossRef Medline
Rajasethupathy P, Sankaran S, Marshel JH, Kim CK, Ferenczi E, Lee
SY, Berndt A, Ramakrishnan C, Jaffe A, Lo M, Liston C, Deisseroth
K (2015) Projections from neocortex mediate top-down control of
memory retrieval. Nature 526:653–659. CrossRef Medline
Richtand NM, Kelsoe JR, Segal DS, Kuczenski R (1995) Regional
quantification of D1, D2, and D3 dopamine receptor mRNA in rat
brain using a ribonuclease protection assay. Brain Res Mol Brain
Res 33:97–103. Medline
Tirelli E, Laviola G, Adriani W (2003) Ontogenesis of behavioral sensitization
and conditioned place preference induced by psychostimulants in laboratory rodents. Neurosci Biobehav Rev 27:163–178. Medline
Vertes RP, Hoover WB (2008) Projections of the paraventricular and
paratenial nuclei of the dorsal midline thalamus in the rat. J Comp
Neur 508:212–237. CrossRef

November/December 2017, 4(6) e0378-17.2017

5 of 5

Volkow ND, Wang GJ, Tomasi D, Baler RD (2013) Obesity and
addiction: neurobiological overlaps. Obes Rev 14:2–18. CrossRef
Medline
Wall NR, De La Parra M, Callaway EM, Kreitzer AC (2013) Differential
innervation of direct- and indirect-pathway striatal projection neurons. Neuron 79:347–360. CrossRef Medline
Young CD, Deutch AY (1998) The effects of thalamic paraventricular
nucleus lesions on cocaine-induced locomotor activity and sensitization. Pharmacol Biochem Behav 60:753–758. CrossRef
Zampieri N, Jessell TM, Murray AJ (2014) Mapping sensory circuits
by anterograde transsynaptic transfer of recombinant rabies virus.
Neuron 81:766 –778. CrossRef Medline
Zhang X, van den Pol AN (2017) Rapid binge-like eating and body
weight gain driven by zona incerta GABA neuron activation. Science 356:853–859. CrossRef Medline
Zhu Y, Wienecke CF, Nachtrab G, Chen X (2016) A thalamic input to
the nucleus accumbens mediates opiate dependence. Nature 530:
219 –222. CrossRef Medline

eNeuro.org

