The function of dopamine D2 receptors in the paraventricular nucleus of the thalamus
Abigail Clark

Submitted in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
under the Executive Committee
of the Graduate School of Arts and Sciences

COLUMBIA UNIVERSITY
2017

© 2017
Abigail Clark
All rights reserved

ABSTRACT
The function of dopamine D2 receptors in the paraventricular nucleus of the thalamus
Abigail Clark

The nuclei of the midline thalamus are an important part of the brain’s limbic system.
Previous work has described the presence of dopamine D2 receptors in the midline thalamus in
humans, non-human primates, and rodents. A similar body of literature has also demonstrated
dopaminergic innervation of the midline thalamus across these species. However, little is known
regarding a) the source of dopaminergic innervation to the midline thalamus in rodents and b)
the function of D2R in the midline thalamus in any species.
I begin this thesis with a review of the literature examining the anatomy,
electrophysiological properties, and role in behavior of the paraventricular nucleus of the
thalamus (PVT), a region where D2R mRNA and protein is expressed. I next describe a series of
three sets of experiments aimed toward examining the anatomical, electrophysiological, and
behavioral role of D2R in the PVT in mice.
In the first set of experiments, I used anatomical methods to show that D2R are
particularly enriched in neurons of the PVT. I focused on D2R-expressing PVT neurons specifically
and show their afferent and efferent projections throughout the brain. In addition, I describe a
set of experiments aimed to establish a dopaminergic innervation to the PVT.

In the second set of experiments, I used electrophysiological methods to study D2Rexpressing PVT neurons. Here, I establish that tonic firing in D2R-expressing thalamic relay
neurons in the PVT is inhibited by quinpirole, a D2R/D3R agonist, and increased by sulpiride, a
D2R/D3R antagonist.
In the third set of experiments, I assessed the behavioral function of D2R in PVT neurons
since this has never been studied in any species. I directly manipulated PVT D2R in two directions:
a) by overexpressing D2R, and b) by downregulating D2R. Here I show PVT D2R plays a role in
both cocaine locomotor sensitization as well as contextual fear expression. Our findings
demonstrate for the first time the role of D2R in the PVT and add to literature suggesting that
the PVT is an important component of the neural circuitry underlying fear behavior and drug
reward.
I conclude this thesis with a discussion of the findings described in the three sets of
experiments as well as a proposal for future experiments.
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CHAPTER 1
GENERAL INTRODUCTION
OVERVIEW
The limbic thalamus is a group of nuclei in the medial and midline thalamus that are
interconnected with brain regions involved in limbic functions (R. P. Vertes, Linley, & Hoover,
2015). Dopamine D2 receptors have been identified in nuclei of the medial and midline thalamus
in humans (Hurd, Suzuki, & Sedvall, 2001; Okubo et al., 1999; Rieck, Ansari, Whetsell, Deutch, &
Kessler, 2004). Additionally, recent work has suggested that D2 receptors might be decreased in
these areas in patients with schizophrenia (Seeman, 2013). However, little is known about the
function of these receptors in this region. Similarly, recent work has identified a source of
dopaminergic innervation from several hypothalamic and midbrain dopaminergic nuclei to
regions of the medial and midline thalamus (Garcia-Cabezas, Rico, Sanchez-Gonzalez, & Cavada,
2007; Sanchez-Gonzalez, Garcia-Cabezas, Rico, & Cavada, 2005). However, whether this
innervation also exists in rodents remains to be firmly established since very few studies have
assessed this experimental question.
Since little is known about the function of D2R in the midline thalamus in any species, my
thesis work focused on examining this system in mice. I begin with a literature review focused on
anatomy, electrophysiology, and behavior focused on the midline thalamus, and especially the
paraventricular nucleus of the thalamus (PVT). Next, I describe three sets of experiments I
conducted in order to assess this dopaminoceptive midline thalamic system in the mouse. In the
first set of experiments, I anatomically characterized this system, both in terms of examining the
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D2R-expressing neurons in the midline thalamus as well as searching for a dopaminergic
innervation to this region. This first set of experiments narrowed our focus to the paraventricular
nucleus of the thalamus (PVT), where we found D2R mRNA as well as protein expression. Next, I
studied whether D2 receptors were functional at the level of the cell body in D2R-expressing
neurons of the PVT. After showing that activation of D2R led to inhibition of tonic firing in D2Rexpressing PVT neurons, I embarked on a series of behavioral experiments in order to assess the
behavioral function of D2R in the PVT. Following these three sets of experiments, I conclude this
thesis with a discussion as well as future directions.

ANATOMY OF THE LIMBIC THALAMUS
SUBDIVIDISIONS OF THE THALAMUS
The thalamus has been classically subdivided into three distinct subsets of nuclei: the
principal nuclei, the association nuclei, and the midline and intralaminar nuclei (Henk J.
Groenewegen & Witter, 2004). In addition to these subsets is the reticular thalamic nucleus, a
nucleus which is interconnected with all regions of the thalamus. The principal nuclei include the
medial geniculate nucleus, lateral geniculate nucleus, ventral posteromedial nucleus,
posterolateral nucleus, posterior nucleus, ventral lateral nucleus, ventral anterior nucleus, and
ventral medial nucleus. These nuclei are also referred to as the relay nuclei since their role is to
receive sensory or motor information and relay this information to the cortex. The association
nuclei consist of the mediodorsal nucleus (MD), anterior nuclei, submedial nucleus, and lateral
nuclei. These are termed association nuclei due to their role in relaying information from layer V
of the sensorimotor cortex to association regions of the cortex (Henk J. Groenewegen & Witter,
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2004). The intralaminar subset of nuclei includes the central medial nucleus (CM), paracentral
nucleus (PC), central lateral nucleus (CL), parafascicular nucleus (PF), and subparafascicular
nucleus (SPF). The midline nuclei includes the paratenial nucleus (PT), paraventricular nucleus
(PVT), rhomboid nucleus (RH), reuniens nucleus (RE), and intermediodorsal nucleus (IMD) (Henk
J. Groenewegen & Witter, 2004).
In a more recent classification of the thalamic subdivisions, the thalamus is broken down
into three subgroups: sensorimotor nuclei, limbic nuclei, and nuclei that bridge these domains
(Robert P. Vertes, Linley, Groenewegen, & Witter, 2015). Within this classification, the limbic
nuclei include the anterior nuclei, the midline nuclei, the CM, and the medial portion of the MD.
The sensorimotor nuclei are, as in the classical subdivisions, the principal or relay nuclei. The
bridging nuclei are the submedial nucleus, PC, CL, PF, central and lateral MD, and the laterodorsal
and lateral posterior nuclei in the lateral thalamus.
The subdivisions described above are two examples of the numerous ways in which the
thalamus can be divided based on structure, function, and anatomical location of the different
nuclei. In one further example focused on functional divisions, the limbic thalamus is separated
from the rest of the thalamus as the nuclei that are connected to and predominantly play a role
in the limbic system (R. P. Vertes et al., 2015). This division of nuclei is perhaps the most useful
for the scope of this thesis since the work described here is focused on limbic thalamic nuclei and
their associated limbic functions as well as the dopaminergic modulation of this system. This final
classification of the limbic thalamus includes the midline nuclei (PVT, PT, RH, RE, IMD), the medial
MD (MDm), CM, and interanteromedial (IAM) nucleus.
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NUCLEI OF THE LIMBIC THALAMUS
As described above, the limbic thalamus consists of the midline nuclei as well as the IAM,
MDm, and CM. While the bulk of the findings within this thesis are focused on the PVT of the
midline thalamic nuclei, the other limbic thalamic nuclei are described here functionally and
anatomically with a more in-depth discussion of the PVT.
RE: The RE, lying just dorsal to the third ventricle, has been mainly investigated in terms
of its projections to the hippocampus. In fact, the RE is the largest thalamic input to the
hippocampus and sends projections to CA1, as well as the ventral subiculum and parasubiculum,
while avoiding CA2, CA3, and the dentate gyrus (Wouterlood, Saldana, & Witter, 1990). Another
major projection from RE terminates in the medial prefrontal cortex (mPFC) and interestingly a
small percentage of RE neurons collateralize to project to both the hippocampus and mPFC
(Hoover & Vertes, 2012; Varela, Kumar, Yang, & Wilson, 2014). Within the projections to the
hippocampus, there is a ten-fold predominant set of projections to the ventral hippocampus
when compared to the dorsal hippocampus (Hoover & Vertes, 2012). The outgoing projections
from the RE to the hippocampus and mPFC are excitatory, with pronounced responses in CA1
and infralimbic and prelimbic cortices (Bertram & Zhang, 1999; Di Prisco & Vertes, 2006). Afferent
projections to RE include numerous cortical and subcortical regions including reciprocal
projections from the hippocampus and mPFC (McKenna & Vertes, 2004). Of interest for the scope
of this thesis, the RE also receives projections from the PVT (McKenna & Vertes, 2004) and, in
turn, sends a set of projections to the PVT (Van der Werf, Witter, & Groenewegen, 2002).
RH: The RH nucleus lies dorsal to the RE and shares a similar set of afferents and efferents
with RE except that the hippocampal projections are fewer and the cortical projections are more
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widespread than RE (Berendse & Groenewegen, 1991). Notably, RH does not send projections to
the PVT (Van der Werf et al., 2002) and, unlike RE, RH receives projections from sensory and
motor structures (R. P. Vertes et al., 2015).
PT: The PT, which borders the PVT, shares a similar set of projections and inputs to the
PVT, as described below (Van der Werf et al., 2002). However, PT efferents project more strongly
to cortical regions compared to the PVT, which sends stronger projections to subcortical regions
(R. P. Vertes et al., 2015).
MDm: The medial portion of the MD (MDm) is considered to be a region of the limbic
thalamus since, unlike the central and lateral regions of the MD, is primarily connected with
limbic areas of the PFC. The MDm is reciprocally connected to the medial orbital (MO) cortex,
and dorsal and posterior agranular insular cortices, and it sends dense projections to the
infralimbic (IL) cortex (H. J. Groenewegen, 1988). In addition, the MDm, as with the PVT, receives
a plexus of dopaminergic fibers as demonstrated with an antibody against dopamine (H. J.
Groenewegen, 1988). In addition, similar to other midline thalamic nuclei, the MDm receives
projections from a vast array of limbic regions, both cortical and subcortical (Robert P. Vertes et
al., 2015).
CM: The central medial nucleus (CM) is an intralaminar thalamic nucleus but its
projections are more similar to those of the MDm and midline nuclei. The cortical projections of
CM are widespread and include medial agranular, anterior cingulate, prelimbic, lateral and
dorsolateral orbital, agranular insular, gustatory/visceral, primary somatosensory and motor,
and perirhinal cortices (Robert P. Vertes et al., 2015). Subcortical targets include the dorsal
striatum as well as the anterior NAc (shell and core), and to most subnuclei of the amygdala (R.
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P. Vertes, Hoover, & Rodriguez, 2012). The major set of projections from CM to the dorsal
striatum makes CM unlike other midline thalamic nuclei. In addition, in contrast to RE and RH,
CM does not target the hippocampus. CM also receives a strong set of projections from the
medial prefrontal cortex (mPFC) (Susan R. Sesack, Deutch, Roth, & Bunney, 1989). CM receives
numerous projections from regions of the brainstem including the dorsal raphe, locus coeruleus,
periaqueductal gray, substantia nigra pars reticulata (SNpr), and substantia nigra pars compacta
(SNpc) (Karl E. Krout, Belzer, & Loewy, 2002).
IMD: The IMD separates the MD along the midline. Inputs to the IMD have been rarely
studied but include the supramamillary nucleus (R. P. Vertes, 1992). IMD projections have been
more closely examined and are similar to the PVT and PT in that they mainly target the ventral
striatum, amygdala, and medial and lateral prefrontal cortex. Specifically, target regions include
PL, IL, ACC, lateral orbital, agranular insular, perirhinal, and lateral entorhinal cortices. In addition,
the IMD targets the NAc core and adjacent ventral striatum, the olfactory tubercle, the amygdala
(BLA, central, and lateral nuclei), the claustrum, reticular thalamus, and in one reference, the MD
and PV (Berendse & Groenewegen, 1990, 1991; Su & Bentivoglio, 1990; Van der Werf et al., 2002;
Wright & Groenewegen, 1996).
PVT: The PVT is a midline thalamic nucleus lying immediately ventral to the third ventricle.
It is sometimes considered part of the epithalamus, since it shares a developmental origin with
the pineal and habenular nuclei (E. G. Jones, 1985). In other nomenclature systems, it is
considered part of the midline thalamic nuclei (Morel, Magnin, & Jeanmonod, 1997). As with the
anatomical work described for other regions of the limbic thalamus, few studies have been
conducted in mice and the majority of the following circuitry work described will be in rats unless
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noted. The work outlined in this thesis has a special focus on the PVT, and therefore, a more
detailed description of this nucleus compared to other midline thalamic nuclei will be outlined
here.

PVT CELL TYPES AND CONNECTIVITY
Neurons within the PVT are approximately 12-20 um in size (diameter of soma) and the
majority are thought to be excitatory thalamic relay neurons that use glutamate or aspartate as
neurotransmitters (Christie, Summers, Stephenson, Cook, & Beart, 1987; Csaki, Kocsis, Halasz, &
Kiss, 2000; Frassoni, Spreafico, & Bentivoglio, 1997; Kolaj, Zhang, Hermes, & Renaud, 2014;
Myers, Mark Dolgas, Kasckow, Cullinan, & Herman, 2014). However, one study found neither
glutamate nor aspartate in a significant number of midline thalamic neurons (Frassoni et al.,
1997). Notably, there is an absence of GABAergic interneurons within the midline thalamus but
calbindin and calretinin are strongly expressed in PVT neurons (Bentivoglio, Spreafico,
Minciacchi, & Macchi, 1991; Celio, 1990; Christie et al., 1987; Winsky, Montpied, Arai, Martin, &
Jacobowitz, 1992). A few studies have also shown expression of enkephalin, substance P,
neurotensin, and galanin in PVT relay neurons but little is known regarding the function of this
neurochemical diversity (Arluison et al., 1994; Melander, Hokfelt, & Rokaeus, 1986; Skofitsch &
Jacobowitz, 1985).
Afferents and efferents of the PVT are conserved across species except that they can
differ in the strength of certain projections (Hsu, Kirouac, Zubieta, & Bhatnagar, 2014).
Regions projecting to the PVT include the parabrachial nucleus, bed nucleus of the stria
terminalis (BNST), dorsomedial hypothalamus, lateral hypothalamic area, suprachiasmatic
7

nucleus, arcuate nucleus, supramamillary nuclei, periaqueductal grey (PAG), central nucleus of
the amygdala (CeA), entorhinal cortex, zona incerta, intergeniculate leaflet of the ventral lateral
geniculate nucleus, IL and PL cortex, and subiculum (Chen & Su, 1990; Hsu & Price, 2009; Kawano,
Krout, & Loewy, 2006; K. E. Krout & Loewy, 2000a, 2000b; S. Li & Kirouac, 2012; R. P. Vertes,
1992). Of these, the strongest inputs in the rat arise from IL, PL, agranular insular cortex, and the
subiculum (S. Li & Kirouac, 2012). Inputs also originate in dopaminergic nuclei including the VTA
and retrorubral regions (A8), noradrenergic nuclei including the locus coeruleus and nucleus of
the solitary tract, histaminergic nuclei including the tuberomamillary nucleus, serotonergic nuclei
including the dorsal raphe, and orexinergic nuclei located in lateral and perifornical hypothalamic
areas (G. J. Kirouac, Parsons, & Li, 2005; Otake & Ruggiero, 1995; Takada, Campbell, Moriizumi,
& Hattori, 1990) (for review, see (Van der Werf et al., 2002; R. P. Vertes et al., 2015).
In a study comparing inputs to the aPVT and pPVT, IL, PL, and posterior agranular insular
cortices were the largest source of inputs to the pPVT while PL and the subiculum were the largest
source of inputs to the aPVT (S. Li & Kirouac, 2012).
Fibers originating from the PVT target numerous regions throughout the brain including
cortical regions: IL, PL, ACC, MO, taenia tecta, anterior olfactory nucleus, dorsal agranular insular
cortex, entorhinal cortex, pre- and parasubiculum, and the subiculum (Beckstead, 1978;
Berendse & Groenewegen, 1991; Hoover & Vertes, 2007; Hsu & Price, 2007; Meredith &
Wouterlood, 1990; Moga, Weis, & Moore, 1995; Otake & Nakamura, 1998; S. M. Thompson &
Robertson, 1987; Van der Werf et al., 2002; R. P. Vertes & Hoover, 2008). Within the IL and PL
cortex, PVT innervation is denser in layers V and VI and weaker in layers I-III (Pinto, Jankowski, &
Sesack, 2003). Non-cortical targets include: patchy labeling of the striatum, NAc innervation
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whereby the shell is innervated more strongly than the core, innervation of the subcommissural
striatal cell pocket, BNST, amygdala (central, medial, basolateral, and basomedial nuclei),
claustrum, and hypothalamus (suprachiasmatic, medial preoptic, paraventricular, anterior
hypothalamic, arcuate, dorsomedial, ventromedial, posterior medial, and posterior nuclei, the
preoptic area, and the lateral hypothalamic area) (Cornwall, Cooper, & Phillipson, 1990; S. Li &
Kirouac, 2008; Moga et al., 1995; O. P. Ottersen & Ben-Ari, 1978; Ole P. Ottersen & Ben-Ari, 1979;
Turner & Herkenham, 1991; Van der Werf et al., 2002; R. P. Vertes & Hoover, 2008). PVT afferents
are also known to collateralize to the mPFC and NAc (Bubser & Deutch, 1998; Otake & Nakamura,
1998). Finally, efferents from the PVT to other midline thalamic nuclei including the PT, MD, IMD,
RH, and RE nuclei have been described (Van der Werf et al., 2002).
In studies comparing aPVT vs pPVT efferents, pPVT efferents appear to project to a more
restricted group of nuclei. These include the NAc, amygdala, lateral BNST, anterior olfactory
nucleus, olfactory tubercle, and the interstitial nucleus of the posterior limb of the anterior
commissure (S. Li & Kirouac, 2008; Moga et al., 1995; R. P. Vertes & Hoover, 2008).
With anterograde tracing combined with TH immunohistochemistry, the patchy
innervation of the NAc shell was shown to overlap with dense patchy innervation by TH+ fibers.
Specifically, injections in the anterior PVT resulted in patchy innervation of TH dense regions in
the dorsal and medial shell while injections in the posterior PVT produced patchy innervation of
TH dense regions in the medial and ventral shell (Parsons, Li, & Kirouac, 2007). Furthermore, in a
detailed analysis of projection targets, sparse viral labeling in different regions within the midline
and intralaminar thalamic nuclei revealed that PVT neurons project preferentially to the
striosomes in the dorsal striatum as well as to the striosome-like region of the nucleus
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accumbens, both of which are identifiable as mu opioid receptor dense regions (Kaneko, Minami,
Satoh, & Mizuno, 1995; Unzai, Kuramoto, Kaneko, & Fujiyama, 2015; Zhou, Furuta, & Kaneko,
2004). In this manner, PVT neurons send collaterals to both the dorsal and ventral striatum.
Neurons from RH and PT followed a similar pattern in preferring striosomes but did not project
as heavily as PVT neurons to the striosomes. In contrast, the parafascicular nucleus sent
projections preferentially to the matrix subregions of the striatum while intralaminar nuclei
projected to both striatal subregions without a clear preference. Specifically, PVT neurons travel
through the internal capsule, send collaterals to the striatum, and then project to the middle and
deep layers of PL, IL, anterior cingulate, and insular cortex (Unzai et al., 2015). Within the
striosomes, 85% of VGlut2 terminals, which presumably arise from thalamic inputs, form
synapses on the spines of dendrites, whereas thalamostriatal projections to the matrix usually
form synapses on dendritic shafts (Fujiyama, Unzai, Nakamura, Nomura, & Kaneko, 2006).
The finding that PVT neurons preferentially innervate striosomes is interesting in light of
the body of literature suggesting a role for the PVT in drug reward behaviors. In rabies retrograde
tracing experiments with flexed rabies injected into the SN or VTA of DAT-cre mice, striosomes
in the dorsal striatum were shown to project to dopaminergic neurons of the SNpc and
striosome-like regions in the NAc were shown to project to dopaminergic neurons of the VTA. On
the other hand, in Vgat-ires-cre mice, neurons from the matrix were shown to project to
GABAergic cells in the SN (Watabe-Uchida, Zhu, Ogawa, Vamanrao, & Uchida, 2012).
Within the NAc, inputs from limbic regions such as the hippocampus, amygdala, and PFC
are known to converge with dopaminergic inputs to innervate the same spines (Johnson,
Aylward, Hussain, & Totterdell, 1994; S. R. Sesack & Pickel, 1990, 1992). An examination of PVT
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afferents and TH+ fibers in the NAc using electron microscopy revealed a similar situation. Close
presynaptic appositions of TH fibers and PVT terminals were observed and occasionally the two
synapsed onto the same target (Pinto et al., 2003).
Electrical stimulation of the ventral subiculum or BLA result in glutamatergic receptormediated local increases in dopamine in the NAc shell (Blaha, Yang, Floresco, Barr, & Phillips,
1997; Floresco, Yang, Phillips, & Blaha, 1998; Howland, Taepavarapruk, & Phillips, 2002). Since,
as with the BLA and ventral subiculum, the PVT also sends a dense set of glutamatergic
projections to the NAc shell, the effect of stimulating or lesioning the PVT on NAc dopamine levels
has been measured. Chemical excitation of the PVT with quisqualic acid resulted in increased
dopamine utilization as measured by the ratio of dopamine metabolites to dopamine within the
NAc. This change was due to an increase in dopamine metabolites. However, NMDA-induced
lesions of the PVT resulted in no change from baseline in dopamine utilization within the NAc (M.
W. Jones, Kilpatrick, & Phillipson, 1989). In a similar manner, local increases in dopamine in the
NAc shell occur when the PVT is stimulated electrically. In these constant potential amperometry
experiments, electrical stimulation of the PVT reliably induced an increase in the oxidation
current in the NAc shell. In contrast, this dopamine signal was considerably weaker in the NAc
core and was not measurable in the dorsal striatum. In addition, stimulation of the CM, as well
as more lateral regions of the MD did not produce a change in oxidation current in the NAc shell
(Parsons et al., 2007). The reliable PVT induction of dopamine release in the NAc shell was
unchanged by large injections of lidocaine in the VTA and therefore is independent of
dopaminergic cell activity within the VTA. It was also unchanged in the presence of the DAT
inhibitor nomifensine. However, the glutamate receptor antagonist kyurenic acid significantly
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decreased the size of the response in the NAc shell. This suggests that glutamate releases from
PVT terminals induces a local dopamine release via glutamatergic receptors, located either on
the dopaminergic terminals themselves or on another population of cells such as the cholinergic
interneurons. Interestingly, a portion of the response remained in the presence of kyurenic acid
and therefore the mechanism of local dopamine release may also have a component which is not
glutamatergic.
In summary, the PVT is interconnected with numerous limbic regions within the brain. It
is the only thalamic nucleus that projects to a limbic group of nuclei that include the BNST, NAc,
amygdala, and IL cortex, a group of structures involved in fear, anxiety, and reward behavior (Hsu
et al., 2014). Interestingly, two of its densest sets of efferent projections are to the NAc and
central amygdala and the PVT is the only midline/intralaminar nucleus that projects strongly to
the NAc shell (Gilbert J. Kirouac, 2015; S. Li & Kirouac, 2008). In fact, single PVT terminals within
the NAc shell form multiple synapses onto several different spines (Pinto et al., 2003).
Furthermore, stimulation of the PVT causes a local increase in dopamine within the NAc shell that
is independent of neuronal activity in the VTA. Of special importance to the scope of this thesis,
both of these major target regions of the PVT—the central amygdala and NAc shell—receive
strong dopaminergic innervation (Hasue & Shammah-Lagnado, 2002). The source of this
dopaminergic innervation to the central amygdala and NAc shell is from areas A8, A9, A10, and
A10dc (Hasue & Shammah-Lagnado, 2002).
In terms of input to the PVT, the PVT receives strong reciprocal input from the PFC (S. Li
& Kirouac, 2012). Additionally, one source of innervation which sets the PVT apart from its
midline thalamic counterparts is its particularly strong input from the hypothalamus (R. H.
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Thompson & Swanson, 2003; Van der Werf et al., 2002). Perhaps most interesting is the diverse
set of projections to the PVT from dopaminergic, noradrenergic, adrenergic, and serotonergic
sources as well as from projections carrying numerous neuropeptides including orexins A and B.
Little is known about the function of each of these types of inputs to the PVT. More specifically,
nothing is known regarding the function of dopaminergic input to the PVT.

DOPAMINE AND THE MIDLINE THALAMUS
The following discussion will outline the specific findings of studies examining a thalamic
dopaminergic system and will highlight the differences found between the primate and rodent
brain. Midline thalamic regions will be the center of focus for this discussion.
Within the human and non-human primate brain, post-mortem studies have
demonstrated the presence of dopamine in the thalamus (Brown, Crane, & Goldman, 1979;
Goldman-Rakic & Brown, 1981; Oke & Adams, 1987; Pifl, Schingnitz, & Hornykiewicz, 1991). In
addition, both in situ hybridization studies as well as imaging studies have found D2 and D3
receptors within the thalamus (Hurd et al., 2001; Okubo et al., 1999; Rieck et al., 2004).
Immunostaining for DAT, TH, and dopamine has illustrated the presence of dopaminergic fibers
innervating the thalamus and has established the location of dopamine within the thalamus.
Finally, there is evidence arising from numerous retrograde tracing studies to suggest that the
dopaminergic innervation to the thalamus arises from numerous dopaminergic regions within
the brain (Garcia-Cabezas et al., 2007).
Immunostaining for TH revealed dense innervation of TH+ fibers in the human thalamus
as well as in the non-human primate thalamus with highest densities reported in the midline
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nuclei (Sanchez-Gonzalez et al., 2005). Staining for dopamine itself revealed dense staining of
dopamine immunoreactive fibers in the midline thalamus in the non-human primate followed by
the MD thalamus, lateral posterior thalamus, and ventral lateral thalamus, with weakest staining
observed in the intralaminar and primary sensory nuclei (Garcia-Cabezas et al., 2007; SanchezGonzalez et al., 2005). In fact, dopamine immunoreactive fibers are most dense in the PVT
(Garcia-Cabezas et al., 2007). Immunostaining for DAT revealed DAT immunoreactive fibers in all
thalamic nuclei in the human and non-human primate with highest levels in the MD, lateral
posterior, ventral lateral, and lateral CL nuclei and lowest in the primary sensory nuclei and most
of the intralaminar nuclei (Garcia-Cabezas, Martinez-Sanchez, Sanchez-Gonzalez, Garzon, &
Cavada, 2009; Garcia-Cabezas et al., 2007; Sanchez-Gonzalez et al., 2005). Moderate levels were
observed in the midline nuclei with scattered dense patches of DAT+ fibers (Garcia-Cabezas et
al., 2007; Sanchez-Gonzalez et al., 2005). Significant DAT labeling was also observed in the
reticular nucleus and zona incerta (Garcia-Cabezas et al., 2009). The lower levels of DAT in midline
nuclei compared to non-midline nuclei may lead to a slower reuptake of dopamine in midline
regions compared to the perhaps more tightly controlled levels of extracellular dopamine in more
lateral regions, as postulated previously (Garcia-Cabezas et al., 2007).
Two studies specifically examined dopaminergic innervation of the MD in non-human
primates. The highest density of DAT immunoreactive fibers in the MD was in the ventral and
lateral portions while the lowest density was found in the medial and dorsal portions. TH
immunoreactive fibers followed a similar pattern while dopamine beta dehydroxylase (DBH)
immunoreactive fibers, which are noradrenergic since this enzyme converts DA to NE, were more
evenly distributed across the MD and present at a higher density than DAT+ and TH+ fibers
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(Melchitzky & Lewis, 2001). CTB injections in the parvocellular MD combined with TH staining
revealed that dopaminergic innervation to the MD arises from the dorsal SNpc, VTA, and
retrorubral area (A8) (Melchitzky, Erickson, & Lewis, 2006).
Using electron microscopy, two studies have examined DAT fibers within the non-human
primate MD. DAT is localized within the pre-terminal portions of axons and not the terminals
themselves (Garcia-Cabezas et al., 2009; Melchitzky et al., 2006). Also, when targets of the DAT+
axons were identified, they appeared to be interneurons within the non-human primate MD
(Garcia-Cabezas et al., 2009). This finding is less likely in the rodent MD and midline thalamus
since interneurons in this region are rare (O. P. Ottersen & Storm-Mathisen, 1984).
Dopaminergic afferents to some regions of the thalamus may collateralize to also send
projections to the striatum. When the dopaminergic neurotoxin MPTP was injected into the
striatum in non-human primates, DAT and TH staining within the thalamus was decreased.
Similarly, when the dopaminergic neurotoxin 6-OHDA was injected in the striatum of rats, DAT
and TH staining was also decreased within the thalamus (Freeman et al., 2001).
One difference between the human and non-human primate in terms of DAT innervation
to the thalamus is that there are a greater total number of DAT immunoreactive fibers
innervating the human thalamus (Garcia-Cabezas et al., 2007).
Notably, the density of dopamine and DAT immunoreactive fibers in the more heavily
innervated regions of the non-human primate dorsal thalamus is approximately equal, if not
greater than, the density of dopaminergic innervation to the cortical regions receiving the
strongest dopaminergic innervation (Garcia-Cabezas et al., 2007; Lewis et al., 2001). And in the
human brain, the densest thalamic DAT immunostaining (in CeM, MD, lateral posterior, ventral
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anterior, anterior ventral lateral, and posterior ventral lateral nuclei) was denser than the densest
cortical DAT immunostaining (in BA 4 and BA 46).
A detailed analysis of the morphology of DAT and dopamine immunoreactive fibers in the
non-human primate thalamus can be found in Garcia-Cabezas et al. (2007) and will not be
discussed here since the significance of these morphologies remains unknown (Garcia-Cabezas
et al., 2007).
The sources of dopaminergic innervation to the primate medial and midline thalamus are
numerous including not only the VTA/SN but also many hypothalamic dopaminergic nuclei
(Sanchez-Gonzalez et al., 2005). Interestingly, when injecting cholera toxin B (CTB) into different
thalamic nuclei, the highest number of TH+ retrogradely labeled neurons were observed when
retrograde injections were made in the midline nuclei (Sanchez-Gonzalez et al., 2005). One
important finding is that both DAT positive and DAT negative dopaminergic regions project to the
thalamus and that the midline thalamus appears to receive most of its dopaminergic innervation
from DAT negative regions. In summary, A13 and the lateral parabrachial nucleus are the major
sources of dopaminergic innervation to the midline nuclei while A10 and A11 are the major
sources of dopaminergic innervation to the MD nucleus in the primate brain (Sanchez-Gonzalez
et al., 2005). Finally, the one dopaminergic nucleus that does not appear to contribute much
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innervation to the primate thalamus is the substantia nigra pars compacta (A9, SNpc) (Figure 1).

Figure 1. Dopaminergic innervation of the primate thalamus. Retrograde tracing with
cholera toxin b combined with immunohistochemistry for TH illustrates that dopaminergic nuclei
throughout the brain including regions of the hypothalamus innervate the primate thalamus. For
the primate midline thalamus, A13 and the lateral parabrachial nucleus contribute most heavily
to this innervation (Sanchez-Gonzalez et al., 2005).
Although the midline thalamic dopaminergic system in humans and non-human primates
has been anatomically characterized in the described studies, less is known regarding this system
in rodents. In chapter 2, I have described the previous literature regarding the rodent midline
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thalamic dopaminergic system. I have subsequently described in detail my work towards
characterizing the mouse midline thalamic dopaminergic system anatomically.

THE ROLE OF THE PVT IN BEHAVIOR
The PVT appears to play a role in a number of different behaviors in the rodent literature
that span across numerous behavioral domains. Perhaps unsurprisingly in light of the dense
projections from the PVT to the NAc and amygdala, some of the most firmly established
behavioral functions of the PVT have been in models of fear, and more recently, in models related
to drug reward. For the purpose of this thesis, the following in-depth review of the PVT behavioral
literature will focus on studies of fear as well as drug reward.

THE PVT AND FEAR BEHAVIOR
The PVT is interconnected with the amygdala and numerous other limbic regions
including the BNST, NAc, and IL cortex, regions which are implicated in fear behavior (Hsu et al.,
2014). The following is a review of the literature examining the role of the PVT in fear behavior
in rodents.
Muscimol inactivation of the dorsal midline thalamus in rats did not affect the acquisition
or extinction of fear conditioning. Rather, this inactivation impaired retrieval of the fear memory
in a time-dependent fashion. Specifically, inactivation of the dorsal midline thalamus at 2, 4, or 8
hours post-conditioning did not affect retrieval. However, inactivation at 24 hours postconditioning led to significantly less freezing to the conditioned tone when compared to controls
(Padilla-Coreano, Do-Monte, & Quirk, 2012). Interestingly, the impairment in retrieval observed
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with muscimol at 24 hours post-conditioning correlated with changes in Fos expression in the
central amygdala and not in IL, PL, or BLA. In this experimental design, rats were tested 15
minutes after infusion of muscimol or saline through cannulae which were centered bilaterally in
the MD nuclei. While the MD is not technically considered to be part of the midline thalamus
based on the nomenclature described earlier, it is possible that the spread of the muscimol
involved regions of the midline thalamus including the PVT. In fact, this group estimated a 1mm
spread of the muscimol involving PVT, part of CM, and potentially PT.
Two pertinent lesion studies in rats examined the role of the PVT and the MD in fear
conditioning. Radiofrequency heat lesions of the MD nuclei, which often included the PVT, led to
impairments in contextual fear conditioning (X. B. Li, Inoue, Nakagawa, & Koyama, 2004).
Specifically, both pre- and post-training lesions led to decreased freezing upon re-exposure to
the conditioned context. Interestingly, similar to the findings of Padilla-Coreano et al., 2012,
there appears to be a time component to this finding since pre-training lesions did not alter
freezing levels during acquisition. Rather, pre-training lesions altered freezing upon re-exposure,
which in this experimental design occurred 24 hours post acquisition.
In the second lesion study, bilateral posterior PVT lesions were induced electrolytically
after fear conditioning. Posterior PVT lesions inhibited fear expression without affecting
extinction, acquisition of fear conditioning to a novel tone, or motivation for food (Y. Li, Dong, Li,
& Kirouac, 2014). In this experimental design, rats received lesions 24 hours post-training and
fear expression was measured 7 days post lesion. The expression of the fear memory was
assessed by an operant design whereby rats were trained to lever press for food and suppression
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of lever pressing as well as freezing measures were both used as measures of fear expression
during the presentation of the conditioned tone.
In a study aimed at determining the role of the MD thalamus in extinction, Lee et al. (2012)
knocked down phospholipase C b4 (PLCB4) bilaterally in the MD nuclei of mice using a lentivirus
carrying shPLCb4 (Lee et al., 2012). This manipulation was used to disrupt mGluR1-PLCB4
signaling since mGluR1 is physiologically coupled to PLCB4 in corticothalamic synapses at the
postsynapse. At three weeks post viral injection, PLCB4 knockdown did not affect fear acquisition,
nor did it affect fear expression (to tone) at 24hr or 48hr post acquisition. Instead, knockdown
specifically led to impaired extinction of the conditioned stimulus. Electrophysiologically,
knockdown of PLCB4 led to increased burst firing and decreased tonic firing. Furthermore, this
group demonstrated that tonic firing in MD neurons facilitated extinction while burst firing
suppressed it. Interestingly, PLCB4 is expressed in all thalamic nuclei except for the reticular
thalamus. While targeting the MD, it appears by the in situ and immunohistochemistry images
shown, that PLCB4 may also have been knocked down in midline structures including the PVT
and IMD.
Using rats, Do-Monte et al. (2015) directly probed at the role of the dorsal midline
thalamus in the retrieval of fear memories to a conditioned stimulus at different time points postconditioning (Do-Monte, Quinones-Laracuente, & Quirk, 2015). First, c-Fos was expressed in the
PVT at late time points after conditioning (24hr and 7d, but not 6hr), while the PL and BLA were
activated starting at earlier time points (6hr). While all three regions were activated 24hr postconditioning, it is interesting that the BLA was not activated at 7d; instead, the CeA was activated
at this time point. These findings indicate that different circuits are activated for retrieval of
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auditory fear memories and that these circuits shift over time from involving PL and BLA to
involving PL, BLA, and PVT, and finally to PL, CeM, and PVT.
In addition to demonstrating this shift in fear circuitry with activation of c-Fos, Do-Monte
et al. (2015) also demonstrated that inactivation of the dorsal midline thalamus with muscimol
impaired retrieval only if administered at late time points (24hr, 7d, 28d) and not at early time
points (0.5hr, 6hr). In this experimental design, muscimol was injected at the time points
described but testing was administered 24hr after muscimol in a drug-free state. This experiment
further suggests that the PVT is not immediately part of the circuit established for the fear
memory but becomes integrated at a later time point.
After establishing this shift in fear circuitry, Do-Monte et al. (2015) subsequently optically
silenced PL terminals within the PVT using halorhodopsin, the light-sensitive chloride pump. This
manipulation led to both decreases (28% of neurons) and increases (19% of neurons) in PVT
firing. Behaviorally, silencing PL terminals within the PVT impaired retrieval at 7d but not 6hr post
conditioning. However, silencing at the level of the PL cell bodies impaired retrieval at 6hr and
7d post conditioning. Finally, silencing PL terminals within the BLA impaired retrieval at 6hr but
not 7d. This finding further supports the proposed timeline whereby fear retrieval first relies on
PL-BLA and gradually shifts to PL-PVT circuitry.
In a final experiment, Do-Monte et al. (2015) showed that silencing PVT to CeA projections
impaired retrieval at 7d but not 6hr and that retrieval remained impaired 24hr post silencing.
This experiment established that the PVT-CeA projection mediated retrieval at late time points
and that this projection is necessary for the maintenance of fear memories.
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In a similar body of work, Penzo et al. (2015) established the role of the PVT in fear
processing via its projection to the central lateral amygdala (CeL) in mice (Penzo et al., 2015).
First, c-Fos was increased in the posterior PVT directly after fear conditioning as well as directly
after retrieval. Next, Penzo et al., (2015) inhibited posterior PVT to CeL projections by injecting
the retrograde Cre CAV2-Cre in the CeL and cre-dependent hM4D in the posterior PVT.
Subsequent CNO injections thereby specifically targeted PVT-CeL projections. Silencing this
pathway during fear conditioning or during retrieval at 24hr post conditioning significantly
decreased freezing during retrieval. To establish a mechanism for this finding, Penzo et al. (2015)
injected som-cre mice with AAV-DIO-eYFP in the CeL to fluorescently label somatostatin neurons
within the CeL. In these mice, they also injected AAV-GFP-Cre with AAV-DIO-hM4D-mCherry in
the posterior PVT. In this way, posterior PVT neurons could be silenced during behavioral testing
and SOM neurons could be recorded from after behavioral testing. In control mice, fear
conditioning led to enhanced excitatory synaptic transmission on SOM CeL neurons, as measured
by an increase in frequency and amplitude of mEPSCs. In mice with posterior PVT silencing during
fear conditioning, this potentiation was not affected 3hr post conditioning but was entirely
absent at 24hr post conditioning.
One final paper critical for the background of this thesis is one which examines fear
discrimination at the level of the amygdala and the BNST, two important target regions of PVT
projections. De Bundel et al. (2016) measured fear discrimination in mice using a 3-day protocol
(De Bundel et al., 2016). On day 1, mice were habituated to two tones (2.5 and 7.5kHz) in context
A (white walls, white rubber floor, 70% ethanol, square configuration). On day 2, mice received
fear conditioning in context B (black walls, metal grid, 1% acetic acid, circular configuration),
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whereby one of the tones (CS+) was paired with the unconditioned stimulus (US, 0.6mA, 2sec),
while the other tone (CS-) remained unpaired. On day 3, mice were tested for discrimination
between the CS+ and CS- in context A by measuring freezing to one of the tones in the morning
and freezing to the other tone in the afternoon. In this study, systemic quinpirole led to enhanced
discrimination, while systemic raclopride induced generalization (equal freezing to CS+ and CS-).
Notably, D1 agonists and antagonists did not alter discrimination. Each drug was injected
immediately following training on day 2 and mice were tested on day 3 in a drug-free state.
Subsequently, in an experiment designed to induce fear generalization using a high footshock
intensity (1mA), quinpirole rescued discrimination between the CS+ and CS- while control mice
showed generalization between the two tones. Raclopride infused locally through cannulae in
either the CeA or BNST also led to generalization, suggesting that D2R at the level of the CeA and
BNST is necessary for fear discrimination. In addition, D2R signaling in both the CeA and BNST
was required for fear discrimination, as illustrated by a pharmacological disconnection
experiment. Specifically, raclopride was infused into the CeA in one hemisphere while quinpirole
was infused into the BNST in the other immediately following training. This disconnection
induced fear generalization while ipsilateral infusions left discrimination intact (De Bundel et al.,
2016). In this experiment, the authors show that neurons express D2R in both the BNST and CeA
but it is also possible that their findings involve the action of D2Rs on PVT terminals within the
BNST and/or CeA. The role of D2R-expressing PVT neurons in fear discrimination is further
explored in chapter 4.
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THE PVT AND DRUG REWARD
The PVT is heavily innervated by cocaine- and amphetamine-regulated transcript (CART)
immunopositive fibers. CART is a peptide that plays a role in the action of psychostimulants (for
review, see (Jaworski & Jones, 2006). CART frequently colocalizes with GABA and has inhibitory
effects (Dallvechia-Adams, Kuhar, & Smith, 2002; Yermolaieva, Chen, Couceyro, & Hoshi, 2001).
Projections from CART neurons to the PVT arise mostly from the arcuate nucleus of the
hypothalamus but also from the lateral hypothalamus, zona incerta, and periventricular
hypothalamus (G. J. Kirouac, Parsons, & Li, 2006). Interestingly, both CART terminals as well as
orexin terminals were found to often innervate the same PVT neurons which were retrogradely
labeled from CTB or FG injections in the dorsomedial NAc shell (Parsons, Li, & Kirouac, 2006). In
light of orexin’s excitatory role on neurons of the PVT as well as its established role in the
modulation of stress (Berridge, Espana, & Vittoz, 2010; Kolaj, Doroshenko, Yan Cao, Coderre, &
Renaud, 2007), it is interesting that these neurons innervate the same PVT neurons that CART
neurons innervate. In this manner, the same PVT neurons might integrate information regarding
both stress and drug reward.
Both cocaine (15mg/kg and 30mg/kg) and D2 agonists, but not D1 agonists, increase Fos
expression in the PVT in rats. The increase in Fos expression due to cocaine can be blocked by
raclopride, a D2/3 antagonist (Deutch, Bubser, & Young, 1998). Interestingly, the time course of
this activation by cocaine was not immediate. Rather, Fos was increased by 2hr post cocaine
injection but not at 1hr post injection. At 2 hr post injection, the maximal activation was observed
and these levels began to decrease at 4hrs post injection. Notably, the increase in Fos was equal
throughout the anteroposterior levels of the PVT. The increase in Fos protein was not observed
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in the MD and there appeared to be an increase in Fos also in the IAM, IMD, and CM, but protein
levels in these regions were not quantified. Cocaine also induced a small but significant increase
in Fos expression in the lateral habenula but did not affect the medial habenula. One aspect of
PVT activity that has not been addressed is whether Fos expression is differentially affected by
the different firing modes of PVT neurons. Specifically, it is not clear whether both tonic firing
and burst firing both lead to increased Fos expression. Therefore, electrophysiology is required
to determine how cocaine affects PVT neurons.
The effects of systemic cocaine injections on intrinsic excitability of the anterior PVT
(aPVT) were assessed with a protocol similar to those used to induce cocaine locomotor
sensitization (Yeoh, James, Graham, & Dayas, 2014). In this experiment, mice were administered
3 days of saline injections followed by 7 days of cocaine (15mg/kg) injections. After each injection,
mice were placed in a novel arena for 1 hour, a component of the protocol that is important for
the induction of sensitization. Slices of the aPVT were taken 1 day after the final cocaine injection
and notably during the dark phase of the light-dark cycle. At baseline, numerous firing types of
aPVT neurons were found based on the resulting action potential properties following a series of
injected depolarizing and hyperpolarizing steps of current. These included: tonic firing, initial
bursting, delayed firing, single spiking, and reluctant firing. After the 7-day cocaine protocol,
there was a shift in the proportions of these firing types towards a more excitable state.
Specifically, at baseline, 47% of aPVT neurons were tonic firing, and this proportion shifted to
85% following cocaine injections.
In addition to the evidence for increased c-Fos and a shift towards a more excitable state
of neurons within the PVT, the PVT is also activated by drug cues. Rats trained to associate one
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stimulus (S+) with cocaine and another (S-) with saline were tested for reinstatement of lever
pressing following extinction. A second group of rats instead received sweetened condensed milk
paired with the stimulus (S+). Fos expression in the PVT was significantly higher in rats reinstated
using the cocaine S+ compared to rats presented with either the cocaine S- or the sweetened
condensed milk S+ or S- (Matzeu, Cauvi, Kerr, Weiss, & Martin-Fardon, 2015). Despite some
evidence for a role of the PVT in feeding behavior, the S+ and S- reinstatement in rats receiving
sweetened condensed milk led to the same level of PVT Fos activation. In another experiment
measuring Fos activation following reinstatement, rats were trained to self-administer cocaine
when a stimulus (S+) was present and that no cocaine would be administered in the presence of
a second stimulus (S-). Reinstatement after extinction of this behavior led to variable behavior
that was divided into high-reinstating and low-reinstating animals in order to analyze variability
in Fos expression. In order to divide the animals into two groups, reinstatement scores were
calculated as a percentage change from extinction responding and a median split was made to
create two groups. In the high-reinstating group, Fos was increased in the PVT, IMD, and medial
and lateral habenulae when compared to the low-reinstating group (James, Charnley, Flynn,
Smith, & Dayas, 2011).
Studies examining either lesions or inactivation of the PVT have also established a role of
this nucleus in drug reward. Inactivation of the aPVT using baclofen and muscimol (GABAA and
GABAB agonists) injected through a cannula abolished the expression of cocaine conditioned
place preference in rats (Browning, Jansen, & Sorg, 2014). Inactivation of the posterior PVT
(pPVT) with baclofen and muscimol injected via a cannula prevented reinstatement of lever
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pressing to a stimulus paired with cocaine but did not affect reinstatement to a stimulus paired
with sweetened condensed milk (Matzeu, Weiss, & Martin-Fardon, 2015).
Finally, PVT lesions in rats increased the acute locomotor response to cocaine while
blocking cocaine locomotor sensitization as well as the increase in locomotion normally observed
in response to re-exposure to the cocaine-paired environment (Young & Deutch, 1998). This
finding may implicate the glutamatergic PVT projections to the NAc shell in cocaine locomotor
sensitization. Lesions of the mPFC, amygdala, and hippocampal fibers within the fornix, three
regions which send glutamatergic projections to the NAc shell, also affect the acquisition or
expression of sensitization (Post, Weiss, & Pert, 1988; Wolf, Dahlin, Hu, Xue, & White, 1995).
Recently, Neumann et al. (2016) specifically disrupted PVT to NAc projections in rats, a
manipulation that led to impaired self-administration of cocaine in a 5-day administration
protocol (Neumann et al., 2016). In order to selectively target this set of projections, they used a
retrograde cre virus injected into the NAc combined with flexed tetanus toxin injected in the PVT.
Furthermore, they examined the changes occurring in these projections after cocaine selfadministration as well as the effect of cocaine self-administration on the generation of silent
synapses. After self-administration, there was an increase in the number of silent synapses in the
NAc.
In order to test for silent synapse levels, rats with channelrhodopsin 2 (ChR2) injected in
the PVT underwent the 5-day self-administration protocol and electrophysiology was performed
1-2 days after withdrawal using a minimal stimulation assay that has previously been described
following exposure to 5 daily injections of cocaine in rats (Y. H. Huang et al., 2009). With this
assay, the percentage of silent synapses are calculated using the failure rates of evoked EPSCs at
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-70mV and +50mV. Interestingly, in rats receiving saline instead of cocaine, a higher number of
silent synapses were found in the PVT to NAc set of projections (20%) compared to other
projections to the NAc (10%), suggesting that these projections have a high level of plasticity in
the adult brain at baseline. In rats within the cocaine group, silent synapses were increased from
20% to ~45% after 1-2 days of withdrawal from the 5-day cocaine paradigm. In addition to
calculating the percentage of silent synapses using the minimal stimulation assay, Neumann et
al. (2016) also measured AMPAR-mediated EPSC amplitudes and NMDAR-mediated EPSC
amplitudes in order to calculate the AMPAR/NMDAR ratio. This ratio was decreased following
the cocaine administration protocol, indicating an increase in the number of silent synapses since
only NMDARs are functional in these synapses (Neumann et al., 2016). Furthermore, 1-2 days
after cocaine withdrawal, the decay kinetics of NMDAR EPSCs was prolonged, a finding which the
authors conclude points to an increased portion of synaptic GluN2B NMDARs. This finding is in
agreement with a study that found increased GluN2B NMDARs following 1-2 days of withdrawal
from a 5-day cocaine injection protocol in rats (Y. H. Huang et al., 2009).
In addition to these postsynaptic changes, this cocaine self-administration protocol
induced presynaptic changes in the PVT to NAc synapse. At 1-2 days after withdrawal, multipleprobability fluctuation analysis (MPFA) revealed that release probability of the PVT to NAc
synapse was increased without a change in the quantal size of release (Neumann et al., 2016).
The MPFA method is described in detail in Silver et al. (2003) but entails deriving release
probability, quantal size, and number of release sites from a parabolic curve that is fitted to the
data from the mean amplitudes and variances of a series of evoked EPSCs (Silver, 2003).

28

Additionally, in agreement with an increased release probability, the paired pulse ratio (PPR) was
decreased following withdrawal from the self-administration protocol.
Notably, disruption of PVT to NAc projections did not affect extinction across 45 days of
withdrawal whereby cues associated with cocaine were administered during 1 hour sessions each
day.
In very recent work, PVT to NAc projections were assessed in terms of behavioral aversion
as well as the negative symptoms of opiate withdrawal (Zhu, Wienecke, Nachtrab, & Chen, 2016).
Simply activating the PVT to NAc pathway with ChR2 led to aversion in a place preference task.
This aversion was via a glutamatergic mechanism and not a dopaminergic one since the AMPAR
antagonist infused into the NAc abolished the behavior while SCH23390 (D1R antagonist) or
raclopride (D2R antagonist) left the behavior intact. Silencing PVT to NAc projections
optogenetically with ArchT during an opiate withdrawal paradigm using the mu-opioid receptor
antagonist naloxone led to a suppression of place aversion as well as the somatic signs of opiate
dependence. In this experiment, mice received escalating morphine doses for 2 weeks and
somatic signs following the naloxone injection were measured as the number of jumps, rearings,
and tremors. In addition, silencing the PVT to NAc pathway using the DREADD receptor hM4Di in
a second opiate withdrawal paradigm involving spontaneous opiate withdrawal led to decreased
place aversion. Interestingly, c-Fos was increased in the PVT by both naloxone in morphinedependent mice as well as by spontaneous opiate withdrawal, suggesting the PVT might encode
some of the more aversive properties of different behavioral paradigms.
Plasticity changes at the PVT to NAc synapse also occurred with the escalating doses of
morphine in these mice (Zhu et al., 2016). The AMPAR/NMDAR ratio was increased in D2 MSNs
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and not D1 MSNs while the PPR remained unchanged. More specifically, the morphine regimen
led to an increase in the number of calcium-permeable GluA2-lacking AMPARs in D2 MSNs.
Therefore, this regimen induced postsynaptic plasticity changes that occurred specifically in D2
MSNs. Notably, this change in AMPAR/NMDAR ratio is opposite to the decreased ratio observed
in MSNs after 1-2 days of withdrawal from a 5-day cocaine injection paradigm (Neumann et al.,
2016).
Fascinatingly, photostimulation of ChR2-expressing PVT terminals 45 minutes before
injecting naloxone in a protocol which induces LTD significantly reduced the withdrawal behavior
and conditioned place aversion (Zhu et al., 2016). This manipulation led to a decreased
AMPAR/NMDAR ratio in D2 MSNs without changing the PPR and without causing plasticity
changes in D1 MSN synapses.
While the role of the PVT in fear and drug reward has been previously established, the
function of D2R in the PVT in terms of any behavior has never been examined. In the experiments
within chapter 4, I have examined the behavioral role of D2R in the PVT.

ELECTROPHYSIOLOGY OF THE PVT
The PVT is comprised of thalamic relay neurons that are glutamatergic and express the
vesicular glutamate transporter VGLUT2 (Hur & Zaborszky, 2005). The PVT and midline thalamus
are devoid of interneurons in the rodent (O. P. Ottersen & Storm-Mathisen, 1984) (Figure 2H).
The resting membrane potential (RMP) of PVT neurons appears to vary considerably depending
on the time of day that slices were made. Specifically, PVT neurons are more depolarized (~-
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60mV) during the dark period and more hyperpolarized during the light period (~-70mV) (Kolaj,
Zhang, Ronnekleiv, & Renaud, 2012).
Several channels determine the RMP of PVT neurons. First, PVT neurons express three
types of inward rectifier K+ channels (Kir): Kir2, Kir3, and Kir6. Kir2 is constitutively active, Kir3
forms G protein-coupled inward rectifier K+ channels (GIRK), and Kir6 forms an ATP-sensitive
inward rectifier K+ channel which is open when ATP is low (Hibino et al., 2010). These three Kir
channels contribute to the RMP of PVT neurons (Hermes, Kolaj, Coderre, & Renaud, 2013; Zhang,
Kolaj, & Renaud, 2013). For example, the bath application of GIRK channel blockers to PVT
neurons resulted in inward currents (Zhang et al., 2013). Second, PVT neurons express
hyperpolarization-activated nonselective cation (HCN) channels which produce an IH membrane
current when activated (Kolaj et al., 2012). HCN channels are known to modulate oscillatory
behavior as well as the RMP of thalamocortical neurons (McCormick & Pape, 1990) and appear
to also behave in this way in PVT neurons. Specifically, the HCN inhibitor ZD7288 hyperpolarizes
PVT neurons and decreases oscillatory behavior (Kolaj et al., 2012). The third determinant of the
RMP of PVT neurons is a group of K+ channels that are active at rest. Two-pore domain (K2P)
weak inward rectifying K+ channel (TWIK)-related acid-sensitive K+ channel 1 (TASK-1) and TASK3 channels are expressed in the midline thalamus and are thought to underlie the PVT’s changes
in RMP observed with changes in extracellular pH (Doroshenko & Renaud, 2009; Talley,
Solorzano, Lei, Kim, & Bayliss, 2001). Specifically, K+ conductance is decreased at an extracellular
pH of 6.3, resulting in depolarization of PVT neurons. On the other hand, K+ conductance is
increased at an extracellular pH of 8.3, leading to hyperpolarization of PVT neurons. Interestingly,
TASK channels are also modulated by anesthetics (Patel et al., 1999). In an experiment comparing
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local anesthetics such as lidocaine with the volatile anesthetic isoflurane, local anesthetics
depolarized PVT neurons while isoflurane prepared in the ACSF hyperpolarized PVT neurons
(Doroshenko & Renaud, 2009).
These same channels that determine the RMP of PVT neurons are channels that also
contribute to the changes in RMP that occur between the light and dark phases of the light-dark
cycle. In addition to these channels, LVA T-type Ca2+ channels also contribute to the observed
diurnal PVT changes by increasing spontaneous bursting in the dark phase (Kolaj et al., 2014).
Two different modes of firing have been described for thalamocortical relay neurons:
burst firing and tonic firing (Jahnsen & Llinas, 1984a, 1984b). Subsequent work confirmed that
this is also the case for neurons within the PVT (Hermes & Renaud, 2011; Kolaj et al., 2007; Wong
et al., 2013). Tonic firing results from a step depolarization from resting membrane potential.
Therefore, when depolarized, cells enter a tonic firing state and this is usually associated with a
wakeful, vigilant state (Sherman & Guillery, 2002). In this state, transmission of information
through the thalamus is relatively linear in terms of excitatory input. However, when
hyperpolarized, thalamic cells are more likely to enter a burst firing state. In this hyperpolarized
state, bursting may occur spontaneously or after a low threshold spike (LTS), which is mediated
by the activation of low voltage-activated T-type Ca2+ channels. The LTS can be induced by either
a step depolarization from a hyperpolarized resting membrane potential or by the recovery from
a step hyperpolarization from resting membrane potential. After an LTS, a burst of Na+ action
potentials usually occur that are sensitive to TTX. This can be followed by a slow
afterhyperpolarization (sAHP) and a series of bursts. Burst firing is associated with an inattentive,
drowsy state or with anesthesia (Sherman & Guillery, 2002). In this state, transmission of
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information through the thalamus is nonlinear to the excitatory drive (McCormick & Bal, 1997;
McCormick & Feeser, 1990; Steriade & Llinas, 1988).
Differences in activity states and RMP as baseline appear to predict the effect that
activation of a certain type of receptor might have on a thalamic relay neuron. This phenomenon
has been described in various regions of the thalamus and for multiple neurotransmitter systems.
A few key examples within the PVT are outlined here.
The first example is that of the orexinergic innervation of the PVT. The PVT receives one
of the densest orexinergic innervation systems in the brain (Kolaj et al., 2014). This innervation
arises from peptidergic neurons in the lateral hypothalamus that synthesize orexin A and orexin
B (de Lecea et al., 1998; Nambu et al., 1999; Sakurai et al., 1998). The orexinergic innervation to
the PVT has been studied in the setting of stress, anxiety, feeding, and drug reward (Berridge et
al., 2010; Choi et al., 2012; Heydendael, Sengupta, Beck, & Bhatnagar, 2014; Y. Li et al., 2010;
Matzeu, Kerr, Weiss, & Martin-Fardon, 2016; Matzeu, Zamora-Martinez, & Martin-Fardon, 2014).
Electrophysiologically, bath application of orexin A or B results in a depolarization of RMP in PVT
neurons, presumably by suppression of TASK-like channels (Doroshenko & Renaud, 2009; Kolaj
et al., 2007). However, the effects of orexins on firing properties appear to depend both on the
RMP as well as the baseline firing state of a particular PVT neuron during recording. In PVT
neurons that are silent and hyperpolarized, orexins induced either a prolonged burst of tonic
firing, a train of bursts following an LTS, or no change from baseline. In neurons that were
spontaneously bursting, orexins induced either tonic firing or led to the continuation of burst
firing with changes in the intra- and inter-burst properties. In neurons that were tonically firing,
orexins led to an increase in firing frequency (Kolaj et al., 2007).
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The second example is that of the glutamatergic and GABAergic inputs from the SCN to
the PVT. Electrical or chemical stimulation of the SCN elicited both EPSCs, which were AMPAR
and NMDAR mediated, as well as IPSCs, which were GABAAR mediated. The EPSC induced single
action potentials in depolarized PVT neurons but an LTS and bursting in hyperpolarized PVT
neurons. On the other hand, the IPSC induced a pause in tonic firing in depolarized PVT neurons
and paradoxically induced an LTS with burst firing in hyperpolarized PVT neurons (Zhang, Kolaj,
& Renaud, 2006). Therefore, this example not only illustrates how activating different inputs to
the PVT lead to differential effects on firing patterns depending on the baseline state of the PVT
neurons, but it also demonstrates how an inhibitory GABAergic input to the PVT can act in an
excitatory manner by inducing burst firing if the PVT neuron is in a hyperpolarized state.
The final example of state-dependent effects of a specific input to the PVT is that of the
gastrin-releasing peptide (GRP) innervation to the PVT. GRP depolarizes PVT neurons but the
manner in which it affects firing properties depends on the state of the PVT neuron. If the PVT
neuron was hyperpolarized, GRP induced LTS-mediated bursting. If the PVT neuron was more
depolarized, GRP induced tonic firing (Hermes et al., 2013).
These examples of the differential effects various neurotransmitter systems can have on
PVT neurons highlight a key aspect of thalamic relay neurons. This complexity in the repertoire
of different firing modes is important to consider in the study of the effects of dopamine on
neurons of the midline thalamus as well as the effects of up- or downregulating D2R within the
PVT, as described throughout this thesis. In addition, it adds a level of complexity to the possible
effect of the use of different DREADD receptors in the midline thalamus, since a simple increase
or decrease in neuronal activity may not be the sole consequence of activating these receptors.
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Notably, sAHPs appear to be unique to midline thalamic neurons and are not seen in other
regions of the thalamus (Kolaj et al., 2014). sAHPs are dependent on calcium influx and within
the midline thalamus, they can be induced either by an LTS or by a burst of action potentials
(Zhang, Kolaj, & Renaud, 2010). Activation of several neurotransmitter receptor systems within
the PVT are known to modulate the sAHP, which therefore serves as a way to modulate the
excitability and rhythmicity of PVT neurons (Kolaj et al., 2014; Zhang et al., 2010; Zhang, Renaud,
& Kolaj, 2009). In addition to sAHPs, PVT neurons can also exhibit a slow afterdepolarization
(sADP) that is mediated by opening Ca2+-dependent TRPC-like channels and modulated by
intracellular cannabinoid receptors. The magnitude of the sADP in turn modulates the number of
action potentials that follow an LTS in burst firing (Zhang, Kolaj, & Renaud, 2016).
Burst firing depends on the activation of low voltage-activated (LVA) T-type Ca2+ channels
(Crunelli, Toth, Cope, Blethyn, & Hughes, 2005). These channels are mostly inactivated (90%) at
a membrane potential of -60mV and therefore cannot contribute much to the current during
tonic firing (Dreyfus et al., 2010). On the other hand, high voltage-activated (HVA) N-type Ca2+
channels are necessary for regulating tonic firing (Budde, Sieg, Braunewell, Gundelfinger, & Pape,
2000; Wong et al., 2013). One aspect which might be unique to some areas of the thalamus
including the PVT is that the LVA Ca2+ channel induced Ca2+ entry into the cell induces Ca2+
induced Ca2+ release (CICR) intracellularly (Richter, Kolaj, & Renaud, 2005).
At baseline, PVT neurons receive an excitatory input consisting of spontaneous glutamate
release. This TTX-insensitive release of glutamate from presynaptic terminals induces EPSPs in
the PVT neuron, which in turn induces action potentials. NBQX, a blocker of AMPA/kainite
glutamate receptors, blocked these EPSPs (Hermes & Renaud, 2011). In contrast to this excitatory
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drive, glutamate release also acts on mGluR2, a receptor which is strongly expressed in PVT
neurons (Gu et al., 2008). Via activation of mGluR2, glutamate causes a hyperpolarization and
suppresses PVT firing via activation of a K+ conductance (Hermes & Renaud, 2011).
Another phenomenon which is important to consider in electrophysiological recordings
of PVT neurons is that of depolarization block. This has been described whereby a majority of
PVT neurons were unable to fire continuously when current above 120 pA was injected. Instead,
the number of action potentials decreased, their duration became longer, and a plateau potential
was reached, which stands in contrast to other regions of the thalamus which appear to be able
to maintain high-frequency firing in the presence of a large depolarizing stimulus (Wong et al.,
2013). While a small population (10%) of neurons did not exhibit these features and were instead
able to maintain continuous firing at high levels of current injections, the majority (90%) of
neurons did not behave in this manner, at least in this sample. Depolarization block may act as a
form of habituation to PVT inputs and may therefore play a role in habituation to stress, for
example. Additionally, the facilitation of depolarization block has been suggested as a mechanism
by which antipsychotic drugs act on neurons of the substantia nigra (Grace, Bunney, Moore, &
Todd, 1997; Valenti, Cifelli, Gill, & Grace, 2011). In this manner, antipsychotic drugs could silence
substantia nigra neurons projecting to the striatum by facilitating depolarization block. This
mechanism should therefore be taken into consideration for the study of the effect of
antipsychotic drugs on the D2R-expressing PVT neurons.
For the PVT, the resting membrane potential as well as the state of firing depends heavily
on the time of day, a phenomenon which presumably arises from the strong input from the
suprachiasmatic nucleus (SCN) of the hypothalamus, the circadian pacemaker of the brain (Kolaj
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et al., 2014). If slices are taken from the day, during the light phase of the standard 12 hour
light/12 hour dark cycle, when rodents are typically resting, PVT neurons are more
hyperpolarized than if slices are taken during the dark phase, when rodents are active. This
difference in resting membrane potential is about 10mV (Kolaj et al., 2012). Firing properties are
also altered during the time of day such that PVT neurons are more silent during the light phase
and more active during the dark phase, whether in burst firing mode or in tonic firing mode.
Associated with the increase in activity in PVT neurons during the dark phase is an increase in IH
as well as an increase in T-type Ca2+ channel current. In fact, increased mRNA for two different
isoforms of the T-type Ca2+ channel is found in PVT tissue during the dark phase. In addition, PVT
neurons have a reduced membrane conductance during the dark phase (Kolaj et al., 2012).
While the details of these diurnal changes are not entirely worked out, at least one
component might be mediated by arginine vasopressin (AVP) release from the SCN. AVP shifts
PVT neurons away from a hyperpolarized, burst-firing mode and into a more depolarized, tonic
firing mode and this appears to be due to closure of an inwardly rectifying K+ channel, possibly
GIRK, as well as a decrease in IH (Zhang, Doroshenko, et al., 2006). Changes in AVP release from
SCN neurons occur throughout the day and therefore may be one mechanism by which PVT
neuronal properties including RMP and firing modes change across the light-dark cycle (Kalsbeek,
Buijs, Engelmann, Wotjak, & Landgraf, 1995).
In this chapter, I have reviewed the existing literature for a midline thalamic dopaminergic
system in humans and non-human primates. I have also described the few studies which have
examined this system anatomically in rodents. However, with the exception of one study which
examined dopamine receptors in the MD thalamus (Lavin & Grace, 1998), this system has never
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been assessed electrophysiologically. In Chapter 3, I have outlined these two existing studies and
I have subsequently described in detail my work focused on characterizing this system
electrophysiologically.

THALAMIC DOPAMINE D2 RECEPTORS IN PSYCHIATRIC DISORDERS
The midline thalamus is one site of action for several antipsychotics including haloperidol,
chlorpromazine, thiroridazine, clozapine, and loxapine (Cohen & Wan, 1996; Cohen et al., 1998;
Deutch, Ongur, & Duman, 1995). These drugs induce c-Fos or Fos in the rodent PVT as well as in
other midline thalamic regions including CM, RH, and RE (Cohen & Wan, 1996). With Fos
activation studies, it is difficult to determine whether the induction in immediate early genes in
the PVT by antipsychotic drugs is via direct activation or via activation of a circuit that activates
the PVT. Despite the fact that the underlying mechanism remains unknown, it is important to
note that the PVT is part of a neural circuit that exhibits activity changes with the use of
antipsychotics.
A number of studies have demonstrated a decrease in medial thalamic D2R in patients
with schizophrenia (Seeman, 2013). In addition, converging evidence has demonstrated
decreased activity of the thalamus during tasks of attention as well as increased psychostimulantinduced dopamine release within this region in cocaine abusers (Kubler, Murphy, & Garavan,
2005; Tomasi et al., 2007a, 2007b; Tomasi et al., 2010; Volkow et al., 1997). These findings were
usually restricted to medial thalamic structures when spatial resolution allowed.
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Despite some literature suggesting that thalamic D2R is part of the neural circuitry
activated by antipsychotic drugs, as well as the findings that thalamic D2R are important in
schizophrenia and drug addiction, very little is known about thalamic D2R in general. The work
described in this thesis is aimed toward characterizing midline thalamic D2R anatomically and
electrophysiologically. After this characterization, I aimed to determine the behavioral function
of midline thalamic D2R.
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CHAPTER 2
ANATOMICAL CHARACTERIZATION OF D2R-EXPRESSING PVT
NEURONS

INTRODUCTION
As described in Chapter 1, the anatomical components of the midline thalamic
dopaminergic system have been well characterized in humans and non-human primates.
However, little is known regarding whether this system exists also in rodents. The following
discussion will focus on the existing literature describing the midline thalamic dopaminergic
system in rodents.
Dopamine receptor mRNA for D2R and D3R have been reported within the rat midline
thalamus in radioactive in situ hybridization studies while D1 mRNA appears to be absent
(Boyson, McGonigle, & Molinoff, 1986; A. Mansour et al., 1992; Alfred Mansour & Watson, 1995).
Additionally, the Allen Brain Atlas shows D2 mRNA within the PVT as well as the IMD and CM
while D1 and D3 mRNA are not observed (Lein et al., 2007). Autoradiography studies have also
examined D2R protein levels within the thalamus. Using 2-deoxyglucose with autoradiography,
decreased activity was observed in the medial thalamus with haloperidol, raclopride, or sulpiride
(McCulloch, Savaki, & Sokoloff, 1982; Pizzolato, Soncrant, & Rapoport, 1984; Tarazi, Shirakawa,
& Tamminga, 1993). However, this decrease in activity does not differentiate between direct
activation of receptors in the medial thalamus and circuit effects. In a study using epidepride, a
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substituted benzamide ligand with very high affinity for the D2R, low levels of binding that were
similar to levels within the cortex were detected in the rat thalamus (Janowsky et al., 1992).
Interestingly, while D1 receptor mRNA is either not expressed or expressed at very low levels
within the midline thalamus, one study found D1R+ cell bodies and initial axon segments while
immunostaining for D1R and examining the thalamus at the ultrastructural level (Q. Huang et al.,
1992).
DAT immunostaining in the rat revealed DAT+ fibers at a much lower density than in the
primate. The densest regions of innervation are the reticular nucleus and the zona incerta, as
well the lateral habenula in the epithalamus. Low densities of staining were observed in the PVT,
MD, ventral medial, and ventral lateral nuclei, with only scattered fibers within the parataenial,
anteroventral, central lateral, and parafascicular nuclei (Garcia-Cabezas et al., 2009).
Interestingly, DAT immunostaining appears less pronounced in the rat thalamus than in the rat
cortex (Garcia-Cabezas et al., 2009).
The sources of dopaminergic innervation to the rat thalamus have been studied with the
combination of CTB injections in the PVT and TH staining. Double-labeled cells were found in a
diverse set of dopaminergic regions throughout the brain with a greater number of cells in A11,
A13, and A15 and a fewer number of cells in the zona incerta, ventrorostral A10 (within the
hypothalamus), dorsocaudal A10 (within the PAG), and A12. Double-labeled neurons were not
seen in A8, A9, or the VTA portion of A10 (S. Li, Shi, & Kirouac, 2014). Injections within this study
were targeted to either the anterior or posterior PVT. While no differences in dopaminergic
sources were noted, it is interesting that fewer double-labeled cells were found with anterior PVT
retrograde injections and TH labeling (S. Li et al., 2014). Another study examined dopaminergic
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inputs using CTB and Fluorogold injections in the rat PVT and found TH+ retrogradely labeled in
A11, A13, and A14 (Otake & Ruggiero, 1995). These rodent findings are in agreement with the
findings in primates illustrating that although the dopaminergic innervation of the rodent
thalamus is weaker, the same dopaminergic nuclei appear to project to the dorsal midline
thalamus and include several DAT negative regions within the hypothalamus (Sanchez-Gonzalez
et al., 2005).
It is worth noting that an earlier study using Fluorogold as a retrograde tracer combined
with TH immunostaining concluded that the VTA and retrorubral field (A8) were the major
sources of dopaminergic innervation to the PVT and that A11 dopaminergic neurons contributed
but to a lesser extent (Takada et al., 1990). The injection site was not illustrated in this study so
we are unable to determine whether these injections also involved part of the habenular
complex. This is an issue since dopaminergic neurons within the VTA are known to project to both
the medial and lateral habenulae (Gruber et al., 2007; Phillipson & Pycock, 1982).
Since little is known about the anatomical components of the dopaminergic midline
thalamus, my first series of experiments were focused on characterizing this system anatomically.
I used in situ hybridization and immunohistochemistry to examine D2R mRNA and protein in the
midline thalamus, respectively. I additionally examined the percentage of PVT neurons in the BAC
transgenic D2-GFP mouse line by performing immunohistochemistry for both GFP and NeuN, a
neuronal marker. I confirmed the absence of interneurons within the midline thalamus by
immunohistochemistry for GAD67.
Next, I showed TH+ immunoreactive fibers innervate the PVT while there is a distinct
absence of innervation by DAT+ immunoreactive fibers. To determine the source of potential
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dopaminergic afferents to the midline thalamus, I used both anterograde and retrograde viral
tracing techniques. Subsequently, I examined the efferent projections of D2-expressing neurons
in the midline thalamus throughout the brain. I then compared this to the efferent projections of
the non-D2-expressing PVT neurons throughout the brain by injecting a Cre-dependent virus
carrying a red fluorescent marker mixed with a Cre-off virus carrying green fluorescent marker in
a D2-Cre mouse. Finally, I compared these efferent projection patterns with the projection
patterns of D2-expressing neurons within the VTA/SN by use of a double viral injection
experiment.

MATERIALS AND METHODS
Animals
Animals were housed with ad libitum access to food and water. A 12hr/12hr light/dark
schedule, temperature controlled environment was maintained. All protocols were approved by
the Institutional Animal Care and Use Committees of both Columbia University and the New York
State Psychiatric Institute.
Immunohistochemistry
Mice were deeply anesthetized with a mixture of ketamine (100mg/kg) and xylazine
(10mg/kg) and perfused with PBS followed by 4% PFA. Brains were post fixed in 4% PFA for 1624 hours. All sections were cut on a vibratome at a thickness of 50um and maintained at 4C in
PBS prior to staining. Staining for GFP and dsred followed a standard immunohistochemistry
protocol. Slices were incubated overnight at 4C and the following primary antibodies were used
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for this section of experiments: chicken anti-GFP (1/1000, Abcam, ab13970), rabbit anti-dsred
(1/500, ClonTech, Catalog #632496), NeuN (1/200), mouse anti-GAD67 (1/500), mouse anti-TH
(1/750, Immunostar, catalog #22941), rat anti-DAT (1/500), rabbit anti-D2 (1/400, in house). The
following secondary antibodies were used: goat anti-chicken (1/500, Invitrogen, Alexa Fluor 488,
A11039), donkey anti-rabbit (1/500, Invitrogen, Alexa Fluor 568, A10042). Slices were mounted
with vectashield mounting media including DAPI (Vector Laboratories).
In situ hybridization
Methods were adapted from (Christoph Kellendonk et al., 2006). Brains were rapidly
removed and frozen in Tissue-Tek O.C.T. mounting medium immediately following cervical
dislocation. 20um sections were sliced using a cryostat and sections were mounted, dried at
room temperature for 30 minutes, placed in ice-cold PFA (4%) for 5 minutes, rinsed with PBS for
5 minutes, dehydrated in 70% ethanol for 5 minutes, and stored in 100% ethanol at 4C. A 45-base
anti-sense oligonucleotide designed to bind to the mRNA of exon 2 within the D2 receptor was
radiolabeled using a recombinant terminal transferase kit (LaRoche) and [alpha33P]dATP
(PerkinElmer). Hybridization occurred at 42C in a buffer containing 50% formamide, 4x SSC, and
10% detran sulfate dissolved in DEPC-treated water. Following hybridization, slides were rinsed
briefly in 1x SSC and then for 30 minutes in 1x SSC at 60C, and briefly again in 1x SSC followed by
0.1x SSC. Next, slides were dehydrated by 70% ethanol followed by 100% ethanol and allowed to
dry for 30 minutes before exposing to film for 1 month.
Surgical procedures
Adult (>8 weeks old) male and female mice were used for all experiments within this
section. The mouse lines used for this section included DAT-ires-cre (B6.SJL-Slc6a3tm1.1(cre)Bkmn/J,
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Jackson Laboratory), D2-cre (ER44Gsat/Mmcd), and D2-GFP (S118Gsat/Mmnc), TH-cre. For viral
injections within the PVT, the following coordinates were used: AP=-1.1mm, ML=0mm, DV=3.2mm from Bregma. More ventral coordinates were also used and are specified per experiment
(AP=-1.1mm, ML=0mm, DV=-3.65mm from Bregma). For viral injections within the VTA/SN, the
following coordinates were used: AP=-3.5mm, ML=+/-0.45mm, DV=-4.5mm from Bregma. For
viral injections within A11/posterior hypothalamus in TH-cre mice, the following coordinates
were used: AP=-1.9mm, ML=0.42mm, DV=4.6mm from Bregma. For viral injections targeting A13
in TH-cre mice, the following coordinates were used: AP=-1.1mm, ML=0.72mm, DV=-4.5mm from
Bregma. Each virus was injected using a Nanoject II Automatic Injector (Drummond Scientific,
Catalog #3-000-204) attached to a glass pipette (15-20um diameter) to slowly administer virus.
Injections within the PVT were split into 13 injections of 0.023ul which occurred over 6 minutes.
This was followed by 5 minutes without injecting before slowly retracting the pipette dorsally in
order to allow for adequate viral spread. For the double injection of a Cre-dependent virus (AAV5DIO-mCherry) combined with a virus which is switched off in Cre cells (AAV1-hsyn-FAS-GCaMP6f),
the same total volume of virus was injected in the PVT but this volume was a 1:1 mix of the two
viruses. Two experiments within this section were exceptions to this procedural description.
Specifically, injection of ChR2-eYFP into the VTA/SN of Dat-ires-cre mice as well as injections of
AAV5-DIO-mCherry into TH-cre mice were conducted with manual injections of pressure through
a syringe.
Pseudotyped rabies retrograde tracing experiments
Single synapse retrograde tracing experiments were performed in collaboration with Felix
Leroy from the Siegelbaum Laboratory. Adult (>8 weeks old) male and female D2-Cre mice were
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used. Two strains of pseudotyped rabies and matching glycoprotein-expressing viruses were used
in these experiments. In the first, the SB19 pseudotyped rabies virus strain SAD-B19∆G-mCherry
(Salk viral core, EnvA G-Deleted Rabies-mCherry, Addgene 32636) was used with the helper virus
rAAV5-CAG-Flex-RAB[G] (Addgene #48333). In the second, the N2C pseudotyped rabies virus
strain CVS-N2c∆G-dsRed (Reardon et al., 2016) was used with the helper virus pAM-CAGGS-FLEXH2B-GFP-P2A-N2c(G) (Reardon et al., 2016). In both cases, the virus expressing the glycoprotein
was mixed with rAAV5-EF1a-Flex-TVA-mCherry (Addgene #38044) at a 2:1 ratio.
SB19 surgical procedures: 200 nl of helper virus mixed with TVA was injected into the PVT
(AP=-1.1mm, ML=0mm, DV=-3.65mm from Bregma). 12 days later, 500 nl of B19 pseudotyped
rabies virus was injected into the same coordinates. Mice were sacrificed 10 days after the
second injection.
N2C surgical procedures: 184 nl of helper virus mixed with TVA was injected into the PVT
(AP=-1.1mm, ML=0mm, DV=-3.65mm from Bregma). 14 days later, 400 nl of N2C pseudotyped
rabies virus was injected into the same coordinates. Mice were sacrificed 15 days after the
second injection.
Imaging and image analysis
All images were acquired with a Hamamatsu camera attached to a Carl Zeiss
epifluorescence microscope unless otherwise noted. In specific experiments, a Nikon Ti Eclipse
inverted microscope was used for confocal microscopy. Images were processed with NIH ImageJ
software or in Adobe Photoshop.
Fiber reconstruction images for DAT innervation of the medial and midline thalamus
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Coronal 20x magnification images were obtained with a Hamamatsu camera attached to
a Carl Zeiss epifluorescence microscope and stitched together to include all medial and midline
thalamic regions in each coronal slice. Slices were subsequently matched to a mouse reference
atlas (Paxinos & Franklin, 2001). Using Adobe Illustrator, DAT immunoreactive fibers were drawn
directly onto the corresponding atlas images.

RESULTS
D2 in situ hybridization
In situ hybdridization for D2R mRNA in wild type mice densely labeled the PVT in middle
to posterior PVT sections. Radiolabeling was also seen in the CM. No labeling within any region
of the medial and midline thalamic nuclei was seen in D2R knockout mice (Figure 2A and 2B).
D2 immunohistochemistry in PVT
Immunohistochemistry for D2R in wild type mice showed labeling within the PVT with
lower levels in the neighboring MD nuclei. This PVT and MD labeling was not present in a D2
knockout mouse line (Figure 2C and 2D).
PVT D2R-expressing neurons in D2-GFP mice (D2-GFP)
First, all medial, midline, and intralaminar thalamic nuclei that expressed GFP in the D2GFP mouse line were identified. These include the PVT, IMD, CM, IAM, PC, AM, and the
posteromedian thalamic nucleus. There was also scattered expression in CL as well as the MD
with stronger expression notable in the medial MD compared to central and lateral MD. Within
the PVT, D2R-expressing cells were absent in the most anterior portions of the aPVT but began
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more posteriorly within the aPVT. Expression throughout the remaining portion of the PVT, the
middle and posterior PVT, was denser. Additionally, D2R-expressing cells within the PVT never
lined the border of the dorsal third ventricle; rather the most dorsal border of D2R+ neurons
began slightly ventral to this ventricle. A representative coronal slice is shown in Figure 2E.
Next, in two D2-GFP mice, I determined the percentage of PVT neurons that express D2R
by combined immunohistochemistry for NeuN and GFP using 50um slices sampling every 4th
section within the PVT from Bregma -0.82mm through Bregma -1.70mm. Cell counting with
epifluorescence microscopy of these sections revealed double labeling of 59-77% of neurons
within the borders of the PVT, as determined by matching sections based on DAPI labeling to a
mouse brain atlas (Paxinos & Franklin, 2001). Lowest percentages were observed in the most
anterior sections with higher percentages observed in the middle to posterior PVT. Within the
middle and posterior PVT, confocal microscopy revealed 63.9-69.4% of neurons were co-labeled
for GFP (Figure 2F and 2G).
GAD67 immunohistochemistry to identify interneurons in the midline thalamus
Immunohistochemistry for GAD67 was performed in two D2-GFP mice in order to a)
locate any interneurons within the medial and midline thalamus and b) determine whether they
are D2R-expressing. This experiment revealed no interneurons within any nucleus of the midline
thalamus. A small number of interneurons were found in the MD but these were not GFP+ and
were therefore assumed to be without D2R. Staining of interneurons within the hippocampus
was used as a positive control (Figure 2H).
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Figure 2. Basic anatomical characterization of D2R-expressing PVT neurons. In situ hybridization
for D2R mRNA shows expression in the PVT and central medial (CM) thalamus of wild type mice
(A) but not in D2 knockout mice (B). Scale bar: 1 mm. Immunohistochemistry for D2R shows
expression in the PVT of wild type mice (C) but not in D2 knockout mice (D). Scale bars for C-D:
100 µm. E) Immunohistochemistry for GFP (green) in a Drd2-EGFP mouse shows GFP expression
in the PVT, intermediodorsal (IMD), and CM thalamus. Scale bar: 500 µm. F)
Immunohistochemistry for NeuN (red) and GFP (green) in the PVT in a Drd2-EGFP mouse. Scale
bar: 100 µm. G) 69% of PVT neurons express GFP within the PVT of Drd2-EGFP mice. H)
Immunohistochemistry for GFP (green) and GAD67 (red) in a Drd2-EGFP mouse. No interneurons
were found in the PVT. Scale bar: 100 µm. Inset: GAD67 labeling within CA1 of the hippocampus.
Scale bar: 100 µm. DAPI labeling is shown in blue in C, D, E, and H.
D2R-expressing PVT neuronal efferents
Major efferents of D2R-PVT neurons are shown in Figure 3. With a PVT injection of AAV5DIO-eYFP in a D2-Cre mouse, strong GFP labeling of fibers was found in the PL cortex, agranular
insular cortex, NAc, BNST, and amygdala. Within the NAc, terminals were most dense in the
medial shell. Additionally, labeling within the NAc was patchy. Within the amygdala, fibers were
found in both the lateral and central nuclei.
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Figure 3. D2R-expressing PVT neurons send projections to multiple regions within the limbic
system. A) Site of injection of AAV5-DIO-eYFP virus in the PVT of a Drd2-Cre mouse with few D2Rpositive neurons in the medial MD and IMD. D2R-expressing PVT neurons project strongly to the
prelimbic cortex (PL, B), agranular insular cortex (AI, C), nucleus accumbens (NAc, D), bed nucleus
of the stria terminalis (BNST, E), lateral amygdala (LA), basolateral amygdala (BLA), and central
nucleus of the amygdala (CeA) (F). Scale bars: 500 µm.
D2R+ vs. D2R- neuronal efferents
The combined injection of AAV5-DIO-mCherry (red) and AAV1-hsyn-FAS-GCaMP6f (green)
in a D2-Cre mouse labeled neurons within the PVT but fibers were difficult to visualize with this
injection, perhaps due to the low volume of each virus injected. However, labeling was still seen
in the BNST, where both populations of terminals appeared to overlap. Strong labeling was also
seen in the NAc where considerate overlap was seen yet an interesting small difference was
noted in projection pattern. Specifically, fibers labeled by AAV5-DIO-mCherry (D2R positive PVT
neurons) were more concentrated in the medial NAc shell whereby fibers labeled by AAV1-hsynFAS-GCaMP6f (D2R negative PVT neurons) were more concentrated laterally in the NAc core.
Representative images are shown in Figure 4.
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Figure 4. The relative density of D2R-positive and D2R-negative PVT neuronal projections
differs within the nucleus accumbens (NAc). A) PVT site of dual injection of AAV5-DIO-mCherry
(red) and AAV1-hsyn-FAS-GCaMP6f (green) in a Drd2-Cre mouse. Scale bar: 100 µm. B) Crepositive PVT neuronal projections within the NAc (red). Scale bar: 500 µm. C) Cre-negative PVT
neuronal projections within the NAc (green). Scale bar: 500 µm. D) The overlap between Crepositive and Cre-negative PVT neuronal projections within the NAc. Scale bar: 500 µm.
DAT immunohistochemistry to identify DAT innervation within the midline thalamus
Immunohistochemistry for DAT revealed a distinct lack of innervation of the PVT and
midline thalamus by DAT+ fibers (Figure 5a). Robust staining of DAT innervation of the striatum
is also shown as a positive control since PVT and striatal images were adjusted to the same levels
(Figure 5a).
DAT innervation of the midline thalamus
Bilateral injection of AAV5-DIO-ChR2-eYFP in the VTA/SN of DAT-ires-Cre mice into 4 mice
revealed sparse innervation of the midline thalamus by DAT+ fibers (Figures 5C and 5E). When
DAT fibers entered regions including the PVT or IMD, fibers were very small and possibly coursing
through this region. Innervation was denser in the medial and lateral MD but was strongest in
the medial and lateral habenulae. However, one region of the midline thalamus, the CM,
appeared to receive notable dopaminergic innervation from the SN/VTA. Here, DAT+ fibers often
formed circular bundles of fibers. A detailed reconstruction of each fiber within the anterior to
posterior borders of the midline thalamus was made for each mouse and one example case is
shown in Figure 6.
TH immunohistochemistry to identify TH innervation within the midline thalamus
Immunohistochemistry for TH revealed strong innervation of the PVT by TH+ fibers.
Images are shown from one example animal (Figure 5b). From these results, it is not possible to
determine whether these TH+ fibers are of a dopaminergic or a noradrenergic origin. Robust
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staining of TH innervation of the striatum is also shown in Figure 5b as a positive control since
PVT and striatal images were adjusted to the same levels.
Afferents from TH positive, DAT negative hypothalamic dopaminergic regions to the PVT
Anterograde viral tracing experiments were performed in TH-cre mice in order to assess
whether DAT negative dopaminergic regions project to the midline thalamus. When A11 was the
primary injection site, virus spread into the anterior portion of the PAG as well as the posterior
hypothalamic area (PH). These injections produced dense fiber labeling of the midline thalamus
including the PVT. When A13 was targeted, the anterior PVT was densely labeled with fibers.
However, immunohistochemistry for TH and Cre showed significant non-overlap between the
virus, TH, and Cre. In addition, when AAV5-DIO-ChR2 was injected bilaterally in both A11 and A13
and PVT slices were stimulated optically, a brief hyperpolarization was found in PVT neurons and
this was completely abolished with bicuculline. Between these immunohistochemistry and
electrophysiology results, we concluded that this mouse line expressed Cre in some TH negative
cells which appeared to be gabaergic. This is not a novel finding but rather is in agreement with
previous results, which demonstrated that non-dopaminergic cells express Cre within the TH-Cre
mouse line (Lammel et al., 2015). For these reasons, we discontinued experiments with the THCre mouse line and instead focused on retrograde viral tracing strategies in order to determine
which dopaminergic nuclei innervate the midline thalamus.
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Figure 5. DAT and TH innervation of the medial and midline thalamus. A)
Immunohistochemistry for DAT (green) shows no labeling in the PVT with some labeling more
laterally in the MD as well as in the lateral habenulae. Inset: DAT labeling in the striatum. B)
Immunohistochemistry for TH shows dense innervation of the PVT. Inset: TH labeling in the
striatum. C) Site of injection for anterograde tracing in DAT-ires-Cre mice from the VTA/SN to the
medial/midline thalamus. D) Site of injection for anterograde tracing in TH-Cre mice from the
posterior hypothalamus and A11 to the medial/midline thalamus. E) DAT fibers (green) avoid the
PVT but target the CM, CL, and more lateral aspects of the MD before targeting the lateral
habenulae. F) TH fibers (red) more densely target the PVT than DAT fibers but overlap with DAT
target regions in the MD. DAPI labeling is shown in blue.
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Figure 6. Reconstruction of DAT fibers in medial and midline thalamic nuclei. This
reconstruction is from one mouse within the anterograde viral tracing experiment with a VTA/SN
injection site. Red dotted line shows the borders of the MD nuclei.
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Retrograde labeling of afferents to D2-expressing PVT neurons
Pseudotyped rabies retrograde tracing experiments with virus injected in the PVT of D2cre mice resulted in two sets of findings: a) an identification of the nuclei throughout the brain
that innervate the PVT, b) a complete non-overlap of retrogradely-labeled neurons and TH
immunolabeling. Regarding the first finding, regions including the PL and AI cortex, NAc core
lateral septum, BNST, central amygdala, and zona incerta are illustrated in Figure 7 with the B19
rabies experiment. Data from the N2C rabies experiment is not shown since retrograde labeling
was much sparser. Regarding the second finding, it is possible that dopaminergic nuclei innervate
the PVT but that the pseudotyped rabies virus does not cross the dopaminergic synapse
efficiently. This hypothesis is supported by recent studies where D1R or D2R-positive neurons in
the striatum were infected with a pseudotyped rabies virus. Although both populations receive
strong dopaminergic innervation from dopaminergic neurons of the midbrain, only relatively few
dopaminergic neurons were retrogradely labelled within the VTA and SN (Wall, De La Parra,
Callaway, & Kreitzer, 2013). With this method, we cannot conclude whether a dopaminergic
innervation to the PVT exists. Likewise, if it does exist, the source of this innervation remains
unknown from the results of these experiments.
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Figure 7: D2R-expressing PVT neurons receive inputs from many regions within the limbic
system. A) Site of rabies injection within the PVT of a Drd2-Cre mouse. Scale bar: 100 µm. Cell
bodies were retrogradely labeled in the prelimbic (PL) and agranular insular (AI) cortex (B, C),
nucleus accumbens (NAc) core (D), lateral septum (LS) (E), bed nucleus of the stria terminalis
(BNST, F), central amygdala (CeA, G), and zona incerta (ZI, H). Scale bars for B-H: 500 µm. Insets
show individual cell bodies retrogradely labeled by the rabies virus within each region. Scale bars
for insets: 50 µm.
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Summary table of PVT efferents and afferents from tracing experiments

Output
Projections

Input
Projections

Agranular Insular Cortex

+

+

Prelimbic Cortex

+

+

Orbital Frontal Cortex

+

+

Cingulate Cortex

-

+

Nuclues Accumbens Core/Shell

+

+

Caudate Putamen

+

+

Bed N. of Stria Terminalis

+

+

Lateral Septum

-

+

Interstitial Nucleus of the Posterior limb
of the Anterior Commissure
Amygdala

+

+

Zona Incerta

Central, Lateral, Central
Basolateral
+

Reticular Thalamus

-

+

Hypothalamus: preoptic, ventromedial, anterior, lateral, posterior, dorsomedial,
arcuate, suprachiasmatic, paraventricular,
A14, and supramammillary nuclei.
Periaqueductal Gray
-

+

Ventral Tegmental Area

-

+

Substantia Nigra

-

+

Locus Coeruleus

-

+

Lateral parabrachial nucleus

-

+

Raphe (dorsal and raphe magnus)

-

+
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+

Overlap between D2R+ PVT efferents and D2R+ VTA/SN efferents
Since no method in our sets of experiments revealed a notable dopaminergic innervation
to the PVT, we shifted our work towards examining the overlap between D2R-expressing PVT
terminals and dopaminergic innervation of these regions. Specifically, we hypothesized that
dopamine might modulate glutamatergic PVT terminals in specific regions which receive dense
dopaminergic innervation from regions such as the VTA/SN. To assess an overlap anatomically
between these sets of projections, I injected a D2-cre mouse with AAV5-DIO-mCherry in the PVT
and AAV5-DIO-eYFP in the VTA/SN. In another mouse, I reversed the placement of these viruses
with AAV5-DIO-eYFP in the PVT and AAV5-DIO-mCherry in the VTA/SN. I examined two important
target regions of the PVT: the amygdala and the NAc. Within the amygdala, there was no
observable innervation from D2R-expressing neurons of the VTA/SN, and therefore no overlap
was seen (Figure 8C). However, both the PVT and the VTA/SN sent dense sets of projections to
the NAc (Figure 8E-G). While considerable overlap was seen, it is also interesting that in some of
the densest areas of PVT innervation within the NAc, there is a notable lack of innervation from
the VTA/SN. This was also the case for some of the densest areas of VTA/SN innervation within
the NAc.
Another interesting result from this experiment is that D2R-expressing neurons of the
VTA/SN densely innervate midline and intralaminar nuclei other than the PVT. In Figure 8H,
innervation from the VTA/SN is seen in Re, Rh, CM, PC, and CL thalamic nuclei, in addition to the
later habenulae.
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Figure 8. D2R+ PVT terminals overlap with D2R+ VTA/SN terminals in the NAc. A-G are from a
double viral injection in a D2-Cre mouse with AAV5-DIO-mCherry in the PVT and AAV5-DIO-eYFP
in the VTA/SN. H-I are from a surgery with the reverse placement of the virus. A) Injection site in
PVT showing VTA/SN innervation of the intralaminar nuclei and lateral habenulae. B) Injection
site in the VTA/SN. C) PVT fibers in the amygdala. D) Dense VTA/SN fibers targeting the medial
and lateral MD nuclei while passing through to the lateral habenulae. E) PVT fibers in the NAc. F)
VTA/SN fibers in the NAc. G) The overlap of PVT and VTA/SN fibers in the NAc. H) VTA/SN fibers
targeting intralaminar nuclei as well as the more ventral Rh and Re midline thalamic nuclei. I)
Injection site in the VTA/SN. DAPI labeling is shown in blue.

DISCUSSION
In this first set of experiments, I used several complementary anatomical methods to
characterize D2R-expressing neurons within the PVT. First, I established that D2R mRNA is
expressed within the mouse PVT. Additionally, I showed that the D2R receptor is expressed
within the PVT with immunohistochemistry. With the D2-GFP mouse line, I identified the medial
and midline thalamic nuclei that express D2R. Within the PVT, I found that 65-70% of PVT neurons
express D2R. I also confirmed the absence of interneurons within this region by examining GAD67
expression.
Since PVT D2R-expressing neurons have never been characterized, I next studied the
distribution of their projections throughout the brain. Using the D2-Cre mouse line, I injected a
Cre-dependent virus carrying a fluorescent marker and examined the distribution of fibers from
D2R-expressing PVT neurons throughout the brain. Particularly dense labeling of fibers was
observed in two regions: the NAc and the amygdala. Within the NAc, innervation appeared
patchy, as has previously been described for PVT innervation of the NAc (Fujiyama et al., 2006;
Parsons et al., 2007; Unzai et al., 2015). Whether patchy labeling from D2R-PVT neurons
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represents innervation of the striosome-like compartments of the NAc was not assessed in the
current experiments.
We next asked the question: do D2R-expressing PVT neurons differ in their projections
from non-D2R-expressing PVT neurons? For this question, I used the D2-Cre mouse line and
injected a combination of two viruses within the PVT. These viruses were AAV5-DIO-mCherry
mixed with AAV1-hsyn-FAS-GCaMP6f. Therefore, in these mice, D2R-expressing neurons were
labeled in red while non-D2R-expressing neurons were labeled in green. While fibers in many
regions were difficult to label in this experiment, an interesting result was found within the NAc
whereby non-D2R PVT fibers seemed to congregate more laterally in the NAc core while D2Rexpressing PVT fibers were denser in the medial NAc shell.
I subsequently conducted a series of experiments to assess whether a dopaminergic
innervation to the PVT exists. I first performed immunohistochemistry for DAT as well as for TH.
There was a notable absence of DAT+ fibers yet strong innervation from TH+ fibers within the
PVT. These TH+ fibers may arise from dopaminergic regions within the hypothalamus or from
noradrenergic regions such as the locus coeruleus (LC).
The next experiments aimed at determining whether dopaminergic regions innervate the
PVT focused on anterograde viral tracing methods. I found that DAT+ dopaminergic neurons
within the VTA/SN do not appreciably innervate the PVT. Instead, these projections innervate the
CM and then move laterally, passing through the MD nuclei before strongly innervating the
medial and lateral habenulae. I subsequently assessed whether DAT negative dopaminergic
regions innervate the PVT and midline thalamus, as has been previously described in the nonhuman primate (Sanchez-Gonzalez et al., 2005). I found substantial TH+ innervation of the PVT
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arising from regions such as A11 and the posterior hypothalamic area as well as the PAG.
However, more careful characterization of this mouse line suggested a significant non-overlap
between TH and Cre and we therefore concluded that the TH-Cre line could not be used to
answer this question.
Following these anterograde tracing experiments, we employed a more specific
retrograde tracing experiment using pseudotyped rabies injected in the PVT of the D2-Cre mouse
line. With double immunohistochemistry for TH and mCherry (to label the rabies infected cells)
combined with confocal imaging, I found a complete non-overlap between the pseudotyped
rabies infected neurons and TH. While virally infected cells were present within dopaminergic
regions, they were never in cells expressing TH.
While the combination of these experiments has not established a dopaminergic
innervation to the PVT, we cannot conclude from the combination of our methods that this does
not exist. However, since we were unable to assess this dopaminergic innervation from the
limitations of our methods, we began to question whether D2R-expressing neurons within the
PVT might be modulated at the level of the presynapse in target regions that receive a dense
innervation of dopamine. Specifically, we hypothesized that dopamine might modulate
glutamatergic release from PVT neurons in the amygdala or the NAc. The first experiments
necessary for examining this were anatomical. Therefore, in the final experiment within this
chapter, I injected Cre-dependent viruses carrying two different fluorescent proteins in both the
VTA/SN as well as the PVT in D2-Cre mice. I then examined the overlap between these two sets
of projections in regions of the NAc and amygdala. This final anatomical experiment revealed an
overlap of VTA/SN and PVT fibers within the NAc.
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After the anatomical characterization of this system, I shifted the focus of my work to the
use of electrophysiological methods to characterize PVT D2R.
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CHAPTER 3
ELECTROPHYSIOLOGICAL CHARACTERIZATION OF D2REXPRESSING PVT NEURONS

INTRODUCTION
Basic electrophysiological properties of neurons within the PVT have been well
characterized. In addition, as described in the results section of Chapter 2, I found that the PVT
expresses D2R in 65-70% of neurons. However, D2R-expressing PVT neurons have never been
assessed electrophysiologically. How does dopamine affect neurons of the PVT and midline
thalamus at the level of the cell body? Only one study has previously assessed this in the MD
nuclei and is described below.
To the best of our knowledge, only one study has examined the effects of dopamine
receptor agonists and antagonists on thalamic cells in medial or midline nuclei. This study
specifically studied the rat MD nucleus with in vitro electrophysiology single cell recordings (Lavin
& Grace, 1998). Bath application of D1-mediated reagents had no effect in this region. However,
10uM quinpirole (D2/D3 agonist) induced a hyperpolarization of the RMP in 51.3% of MD
neurons, a depolarization in 19%, and an insignificant change in 29.7%. Quinpirole also affected
the AHP in ~1/3 of cells by increasing the amplitude and duration. Additionally, quinpirole
doubled the percentage of cells exhibiting an LTS after depolarization. Finally, quinpirole
decreased the threshold current required to induce firing and increased the spike threshold.
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Haloperidol (D2/D3 antagonist) reversed each of these changed properties except the threshold
current to induce firing. In this case, haloperidol caused a further decrease in the threshold
current. Notably, haloperidol applied by itself induced a depolarization but did not change any
other properties. The quinpirole-mediated changes in MD cells were at least in part mediated by
changes in K+ conductances. Specifically, cesium, a K+ channel blocker, reversed the
hyperpolarization, the increase in spike threshold, and the facilitation of the LTS. Additionally,
the reversal potential of quinpirole was shifted in the positive direction when K+ levels were
decreased in the ACSF extracellular solution. Of note, this experiment excluded any MD neurons
which were more depolarized than -55mV at baseline since this was taken to be a sign of
instability.
Since the effects of D2R agonists and antagonists on PVT neurons at the level of the cell
body remains unknown, I have conducted experiments to assess this unanswered question.
Specifically, I have performed single cell patch clamp recordings in mouse PVT D2R-expressing
neurons. In tonically firing neurons, I have bath applied quinpirole (D2R agonist) and measured
effects on cell firing. I have followed this with bath application of sulpiride (D2R antagonist) with
quinpirole in order to assess whether these effects could be reversed. In another experiment, I
overexpressed D2R in D2R-expressing PVT neurons using a Cre-dependent virus injected in the
PVT of D2-Cre mice. I again show the effects of quinpirole and sulpiride on tonic firing of these
neurons.
In addition to assessing the effects of D2R agonists and antagonists at the level of the cell
body of D2R-expressing PVT neurons, I also assessed the effects of D2R agonists and antagonists
on D2R-expressing PVT neurons at the level of the PVT terminals within the medial NAc shell. To
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do this, I injected ChR2 in the PVT of D2Cre mice and recorded from MSNs in the medial NAc shell
while stimulating PVT terminals optically. I then measured the change in EPSC following
quinpirole bath application and determined whether this change was reversed with sulpiride
bath application.

MATERIALS AND METHODS
Animals
Animals were housed with ad libitum access to food and water. A 12hr/12hr light/dark
schedule, temperature controlled environment was maintained. All protocols were approved by
the Institutional Animal Care and Use Committees of both Columbia University and the New York
State Psychiatric Institute.
Surgical procedures
For ChR2 stimulation experiments, adult male and female D2-Cre mice (ER44Gsat/Mmcd,
6 weeks old) were injected with AAV5-EF1a-DIO-hChR2(H134R)-EYFP-WPRE-pA (UNC Vectore
Core) in the PVT (AP=-1.1mm, ML=0mm, DV=-3.2mm from Bregma). Each virus was injected using
a Nanoject II Automatic Injector (Drummond Scientific, Catalog #3-000-204) attached to a glass
pipette (15-20um diameter) to slowly administer 0.3ul of the virus. Injections were split into 13
injections of 0.023ul which occurred over 6 minutes. This was followed by 5 minutes without
injecting before slowly retracting the pipette dorsally in order to allow for adequate viral spread.
In vitro electrophysiology experiments were conducted 4 weeks following surgery.
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In vitro electrophysiology
Mice were sacrificed in the presence of sevoflurane and brains quickly removed and
placed in ice-cold oxygenated ACSF consisting of 126 mM NaCl, 2.5 mM KCl, 2 mM MgCl2, 1.25
mM NaH2PO4, 2mM CaCl2, 26.2 mM NaHCO3, and 10mM D-glucose, pH 6.45, 300-310 mOsm.
Several 300 um coronal slices were made in ice-cold oxygenated ACSF using a vibratome.
Subsequently, slices were immediately transferred to oxygenated ACSF at 32C for 30 minutes
followed by 30 minutes at room temperature. Electrodes were pulled from 1.5mm borosilicate
glass pipettes for a typical resistance of 3-6 MΩ when filled with internal solution consisting of
130mM K-gluconate, 5mM NaCl, 10 mM HEPES, 0.5 mM EGTA, 2 mM MgATP, 0.3 mM NaGTP, pH
7.3, 280 mOsm. The following equipment and software were used for whole cell patch clamp
recordings: a Multiclamp 700B amplifier (Molecular Devices), a Digidata 1440A acquisition
system (Molecular Devices), Clampex 10 (Molecular Devices), and pClamp 10 (Molecular
Devices). Drugs were mixed with ACSF at the following concentrations: 1 uM quinpirole
hydrochloride, 10 uM sulpiride, 10 uM bicuculline.
PVT-specific electrophysiology
Male and female D2-GFP mice (S118Gsat/Mmnc) (6-9 weeks old) were used for this
experiment. All PVT in vitro electrophysiology was conducted in the morning hours (slicing at
8:30am). This timing was kept consistent in order to control for the effect of the well-established
diurnal changes in PVT neurons (Kolaj et al., 2014). 300uM coronal slices spanning the entire
rostral-caudal axis of the PVT were made as described above. PVT D2 neuron recordings were
conducted at room temperature on fluorescent cells (D2-expressing) from middle to posterior
PVT slices. Whole-cell patch clamp recordings were performed in current clamp mode to
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determine the effect of dopaminergic agonists and antagonists on cell firing. After breaking into
the cell, basic cell properties were assessed in voltage clamp mode at a holding potential of 55mV. Immediately following this, an IV curve protocol was run under current clamp mode. Next,
a longer recording in gap free current clamp mode was performed whereby quinpirole 1uM was
added after 5 minutes of recording. Subsequently, sulpiride (10 uM) in the presence of quinpirole
(1uM) was added 8 minutes after initial bath application of quinpirole (13 minutes into the
recording) in order to measure whether the effects of quinpirole could be reversed. The recording
was terminated 8 minutes following sulpiride bath application. After this recording, another IV
curve protocol was run in current clamp mode.
This protocol was followed if PVT neurons were spontaneously firing. In the case that a
cell was not spontaneously firing, initial attempts to determine the effects of quinpirole were
more difficult (data not shown). Therefore, current was administered in order to bring the neuron
to a continuously firing state. Once this current was determined, cells underwent the same
protocol as described above whereby 1uM quinpirole was administered after 5 minutes followed
by 10uM sulpiride with 1uM quinpirole at 13 minutes.
This protocol was also followed in male and female D2-Cre mice overexpressing D2R in
D2R-expressing PVT neurons. At 6 weeks old, mice were injected in the PVT with AAV2/1-hSynDIO-D2R(L)-IRES-mVenus (Gallo et al., 2015) using stereotactic coordinates: AP=-1.1mm,
ML=0mm, DV=-3.2mm. Four weeks post-surgery, mice were sacrificed under the same conditions
described above and recordings of fluorescent (D2R-overexpressing) PVT neurons were
conducted.
Medium spiny neuron-specific electrophysiology
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D2-Cre mice at 6 weeks old were injected in the PVT with AAV5-DIO-ChR2-EYFP using
stereotactic coordinates: AP=-1.1mm, ML=0mm, DV=-3.2mm. Four weeks post-surgery, mice
were sacrificed under sevoflurane and the brain immediately placed into ice cold ACSF. 300uM
coronal slices spanning the entire rostral-caudal axis of the NAc were made as described above.
All medium spiny neuron recordings were made within the medial NAc shell in regions where
dense innervation of ChR2 positive fibers from the PVT were observed. For paired pulse
recordings, optically evoked EPSCs were measured at room temperature in voltage clamp with a
holding potential of -80mV in the presence of 10uM bicuculline. EPSCs were evoked with paired
pulses (3ms or 5ms, 470nm, 10 or 20Hz interpulse interval) using field illumination through a 40x
objective (PE-100 CoolLED illumination system, Olympus). Peak EPSCs were measured from an
average of five traces, each 20 seconds apart. In order to measure the effects of D2R activation
on the evoked EPSC, quinpirole (1uM) was bath applied in current clamp gap free mode for 5
minutes. Subsequently, the PPR protocol was repeated. To determine whether D2R antagonism
could reverse these effects, sulpiride (10uM) with quinpirole (1uM) was bath applied for 5
minutes in current clamp gap free mode and subsequently the same PPR protocol was
administered. Following these recordings, an IV curve protocol was administered in current
clamp mode.

RESULTS
The effects of quinpirole and sulpiride on tonic firing and membrane potential in D2+ neurons
Whole cell patch clamp recordings were conducted in fluorescent cells in D2-GFP mice
(Figure 9). 43% of fluorescent PVT neurons recorded from were spontaneously firing in gap free
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current clamp mode (9 of 21). Spike frequency was decreased with quinpirole and increased with
sulpiride applied with quinpirole (repeated measures ANOVA: p=0.0080, Bonferroni post hoc
tests: baseline vs quinpirole p<0.05, baseline vs sulpiride not significant, quinpirole vs sulpiride
p<0.05) (Figure 9D). The effect of quinpirole on membrane potential showed a strong trend
towards significance (repeated measures ANOVA: p=0.0517) (Figure 9E). In cells that were not
tonically firing, an attempt was made to repeat the same protocol after injecting positive current
in order to induce tonic firing. This method was only successful in a few neurons and therefore
statistics are not shown for this subset of cells. Instead, positive current was not always able to
induce long-term tonic firing since many neurons habituated to these injections.
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Figure 9. D2R activation in D2R-expressing PVT neurons induces an inhibition of tonic firing
which is reversed by D2R antagonism. A) Sample placement of pipette with recording electrode
in the mid-to posterior PVT in D2-GFP mice. B) All GFP-expressing PVT neurons exhibited a lowthreshold rebound spike following recovery to baseline membrane potential from
hyperpolarizing injections of current. C) Example trace of a tonically active D2R-expressing PVT
neuron. Quinpirole induced an inhibition of action potential firing which was reversed by coapplication of sulpiride. D) Quantification of firing frequency. RM ANOVA p<0.01, *Bonferroni
Post hoc p<0.05. E) Quantification of resting membrane potential. RM ANOVA p=0.052. Red data
points show the mean in D and E.

The effects of quinpirole and sulpiride on tonic firing and membrane potential in D2OE neurons
Whole cell patch clamp recordings were conducted in fluorescent cells in D2-Cre mice
injected with the D2 virus (give details). Quinpirole inhibited spike frequency but this was not
recovered by sulpiride (repeated measures ANOVA: p=0.0071, Bonferroni post hoc tests: baseline
vs quinpirole p<0.05, baseline vs sulpiride p<0.05, quinpirole vs sulpiride not significant) (Figure
10B). One example trace is shown in Figure 10A. The effect of quinpirole on membrane potential
was not significant when measured 5.5 minutes following bath application of each drug (repeated
measures ANOVA p=0.3913) (Figure 10C). However, large hyperpolarizing effects of quinpirole
were seen earlier and this hyperpolarization did not remain for the entire duration of quinpirole
application in two of the three cells.
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Figure 10. In vitro electrophysiology of D2R-overexpressing PVT neurons. A) Example trace of a
tonically firing D2R-overexpressing PVT neuron. Quinpirole induced a large hyperpolarization
(amplitude of 30mV in this example) but this was not recovered with sulpiride. The effect of
quinpirole and subsequently quinpirole with sulpiride on firing is quantified in B. C) Effect of
quinpirole and sulpiride with quinpirole on membrane potential. Red data points show the mean.
Preliminary results for modulation of PVT terminals within the NAc at the presynaptic level
Changes in the amplitude of the first light-evoked current within the paired pulse
stimulation paradigms were compared at baseline, after quinpirole, and after sulpiride with
quinpirole. A sample trace is shown in Figure 11A. For the 5msec, 20Hz stimulation program,
quinpirole induced an increase in the amplitude of the current and this was reversed with
sulpiride with quinpirole in two cells (repeated measures ANOVA: p=0.0491, Bonferroni post hoc
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tests were not significant) (Figure 11C). Additionally, within the 3msec, 20Hz stimulation
paradigm, there was a trend towards significance for the same effect (repeated measures
ANOVA: p=0.0501) (Figure 11B). Analysis of paired pulse ratios was difficult due to the low
number of cells but is illustrated in Figure 11D and 11E. (repeated measures ANOVA: for 5msec,
20hz program, p=0.1228, for 3msec, 20hz program, p=0.7710).
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Figure 11. Modulation of PVT terminals within the medial NAc shell at the presynaptic level. A)
Sample trace to illustrate two currents elicited by the paired pulse photostimulation paradigm.
B) The first currents in both the 3msec, 20Hz, and 5msec, 20Hz programs appear to be modulated
by quinpirole and sulpiride. C) Paired pulse ratios for each of the two programs in response to
quinpirole and sulpiride.

DISCUSSION
I have demonstrated in the experiments within this chapter that bath application of the
D2R agonist quinpirole inhibits tonic firing in D2R-expressing PVT neurons and that this effect can
be reversed by bath application with the D2R antagonist sulpiride in the presence of quinpirole.
I recapitulated this experiment in PVT neurons overexpressing D2R.
At the level of the cell body, my work has demonstrated an effect of D2R agonists and
antagonists on tonic firing in D2R-expressing PVT neurons. However, this work has not assessed
the effect of these dopaminergic reagents on PVT neurons which are more hyperpolarized.
Future work should also focus on PVT-D2R neurons exhibiting this activity mode. Specifically, the
effect of quinpirole and sulpiride on burst firing as well as on the LTS needs to be determined for
D2R-expressing PVT neurons for both the depolarized as well as the hyperpolarized activity
states.
The majority of the experiments within this chapter were focused at the level of the PVT
cell bodies. However, in the final experiment, I have conducted a small preliminary study to
examine the presynaptic effects of quinpirole and sulpiride on glutamatergic release from D2R-
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PVT neurons within the medial NAc shell. Quinpirole appeared to enhance glutamatergic release
from PVT terminals and this effect was reversed with sulpiride. This experiment has only been
conducted in a few cells and therefore is inconclusive until confirmed with an increased number
of cells. If this finding is proven true, the effects of D2R activation at the level of PVT terminals
would be in contrast to the expected inhibitory effect of D2R activation.
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CHAPTER 4
THE ROLE OF PVT D2R IN BEHAVIOR

INTRODUCTION
In chapter 2, I showed that D2R-expressing PVT neurons send dense projections to both
the amygdala and the NAc. In Chapter 3, I demonstrated that a D2R agonist inhibits tonic firing
of D2R-expressing PVT neurons while a D2R antagonist reverses this inhibition. However, no
studies to date have reported on the behavioral function of D2R in the PVT or any region of the
midline thalamus. The goal of the final set of experiments was to assess the function of this
system behaviorally.
While PVT D2R have not been studied behaviorally, much is already known regarding the
role of the PVT in various behavioral domains. This topic has been discussed in further detail in
Chapter 1. However, what follows is a brief review of the role of the PVT in studies specific to
fear and cocaine behaviors.

Fear behavior
The PVT is heavily interconnected with neural circuits underlying fear behavior. Of
particular importance, it is interconnected with the mPFC, amygdala, and BNST (Hsu et al., 2014).
Therefore, it is in a position to affect various aspects of fear conditioning, many of which have
already been determined by studies focused on the role of the PVT in fear paradigms. While the
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role of the PVT in fear studies is described in detail in chapter 1, the following will provide a
summary of the most pertinent studies for the experiments I have conducted which have been
focused on assessing the role of PVT D2R in various aspects of fear conditioning.
Studies examining c-Fos induction have shown that the PVT is part of a circuit involved in
fear conditioning and appears to become integrated with this circuit at later time points following
fear conditioning (Do-Monte et al., 2015). Specifically, different circuits are activated by retrieval
of auditory fear memories and these shift over time from involving PL and BLA to involving PL,
BLA, and PVT, and finally to PL, CeM, and PVT. These conclusions were drawn from results
indicating that c-Fos is expressed in the PL and BLA starting at early time points following fear
conditioning (6hr), in the PVT at later time points after conditioning (24hr and 7d, but not 6hr),
and in all 3 regions at 24hrs. Addition of the CeA to this activated circuit was clear at 7d without
activation of the BLA. An important study which contradicts this timeline showed an increase in
c-Fos in the posterior PVT immediately following fear conditioning or fear retrieval (Penzo et al.,
2015).
Posterior PVT lesions made 24 hours following fear conditioning decrease fear expression
measured 7 days after training without affecting extinction or acquisition of fear conditioning to
a novel tone (Y. Li et al., 2014). In addition, muscimol inactivation of the MD thalamus (with
possible spread into the PVT) in rats at 24 hours post fear conditioning, but not 2, 4, or 8 hours,
selectively decreased freezing to the conditioned stimulus when tested in the presence of
muscimol (CS, tone) (Padilla-Coreano et al., 2012). This correlated with changes in Fos expression
in the central amygdala and not in IL, PL, or BLA. Do-Monte et al. (2015) also demonstrated that
inactivation of the dorsal midline thalamus with muscimol impaired retrieval only if administered
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at late time points (24hr, 7d, 28d) and not at early time points (0.5hr, 6hr) and in this study, fear
retrieval was conducted in a drug-free setting (Do-Monte et al., 2015). And more specifically,
silencing projections from the PVT to the CeA impaired fear retrieval at later (7d) time points, but
not at early (6hr) time points in one study (Do-Monte et al., 2015). In a similar study, silencing
projections from the PVT to CeL during fear conditioning or during retrieval 24hr following fear
conditioning decreased fear retrieval (Penzo et al., 2015). Furthermore, fear conditioning
normally leads to an enhanced excitatory synaptic transmission on SOM CeL neurons, as
measured by an increase in frequency and amplitude of mEPSCs. However, this mechanism was
disrupted in mice with posterior PVT silencing during fear conditioning; the potentiation in SOM
CeL neurons, while un affected if measured at 3hr post conditioning, was absent if measured at
24hr post conditioning (Penzo et al., 2015).
While the role of the PVT in fear conditioning to a tone has been firmly established, less
is known about its role in fear discrimination between two tones. This is of special interest since
dopaminergic receptors within two target regions of the PVT, the BNST and the amygdala, play
an important role in this behavior in mice (De Bundel et al., 2016). Systemic injections were
administered following training and mice were tested in a drug-free state on the following day.
Systemic quinpirole enhanced discrimination, systemic raclopride induced generalization (equal
freezing to CS+ and CS-), and D1 agonists and antagonists had no effect. When generalization was
induced with a high footshock, quinpirole rescued discrimination between the CS+ and CS-.
Raclopride infused locally through cannulae in either the CeA or BNST also led to generalization.
In addition, D2R signaling in both the CeA and BNST is required for fear discrimination, as
illustrated by a pharmacological disconnection experiment whereby raclopride was administered
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in the CeA in one hemisphere and quinpirole was administered in the BNST of the other
immediately following training. These contralateral infusions resulted in fear generalization while
ipsilateral infusions did not affect discrimination.
Since the mechanism of this dopaminergic modulation is unknown, we hypothesized that
dopaminergic modulation may occur at either the level of the PVT cell bodies or at the level of
presynaptic terminals within PVT target regions. In our experiments, we sought to determine the
effect of D2R upregulation or downregulation in neurons of the PVT on fear discrimination.
While less is known regarding the role of the PVT and other midline thalamic regions in
contextual fear, both pre- and post-training lesions of the MD (which often included the PVT in
this example) in rats led to impairments in contextual fear conditioning measured 24 hours
following acquisition without affecting freezing levels during acquisition (X. B. Li et al., 2004).
To date, no studies have examined the role of D2R in the PVT in terms of any kind of fear
behavior. In my behavioral studies, I have examined the relationship between D2R and fear
acquisition, fear discrimination, expression of contextual fear, and expression of fear to a
conditioned tone (CS). I have done this by upregulating as well as downregulating D2R in D2Rexpressing neurons within the PVT. Finally, I have conducted an experiment examining the effect
of silencing PVT neurons during different points in a fear discrimination and contextual fear
retrieval behavioral paradigm.

The PVT in the locomotor effects of cocaine
The PVT is in a position to directly affect behavior relevant to drug reward via many of its
connections within the limbic system. In fact, the PVT is heavily connected with the NAc, a region
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which is an important component of the brain circuitry involved in the behavioral sensitization
to psychostimulants (for review, see (Pierce & Kalivas, 1997)). Therefore, it is perhaps not
surprising that the PVT appears to play a role in various behaviors related to drug reward. A
thorough review of the literature focused on the role of the PVT in drug reward behavior can be
found in chapter 1. However, the following will briefly summarize the most pertinent studies
involving cocaine and the PVT.
Both cocaine (15mg/kg and 30mg/kg) and D2 agonists, but not D1 agonists, increase Fos
expression in the PVT in rats. The increase in Fos expression due to cocaine can be blocked by
raclopride, a D2/3 antagonist. However, it is not clear whether these effects are via direct
activation of D2R on PVT neurons or by indirect circuit effects.
The effects of more long-term systemic cocaine injections on excitability of anterior PVT
(aPVT) neurons have also been measured in mice (Yeoh et al., 2014). 7 days of cocaine (15mg/kg)
injections immediately followed by placement into a novel arena for 1 hour shifted aPVT neurons
to a more excitable state measured 1 day after the final cocaine injection. Specifically, at baseline,
47% of aPVT neurons were tonic firing, and this proportion shifted to 85% following 7 days of
cocaine injections. In addition, cannulae injections of baclofen with muscimol in the aPVT abolish
the expression of cocaine conditioned place preference in rats (Browning et al., 2014).
PVT lesions in rats increase the acute locomotor response to cocaine while blocking
cocaine locomotor sensitization as well as the increase in locomotion normally observed in
response to re-exposure to the cocaine-paired environment (Young & Deutch, 1998). In addition,
disruption of the PVT to NAc projection in rats impairs cocaine self-administration (Neumann et
al., 2016).
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To date, no studies have examined the role of D2R in the PVT in terms of behaviors
involving cocaine. In my behavioral studies, I have examined the role of PVT D2R in cocaine
locomotor sensitization as well as in the acute locomotor effects of cocaine (locomotion after the
first injection). I have done this by both upregulating and downregulating D2R in D2R-expressing
PVT neurons. I have also conducted a preliminary study in attempt to examine the effect of
silencing D2R-expressing PVT neurons within the PVT at various time points in a cocaine
locomotor sensitization behavioral paradigm.
In the first experiment aimed at determining the behavioral role of D2R in the midline
thalamus, I used the mouse line Gbx2CreERT2. Gbx2 is a homeodomain transcription promoter
which promotes the segregation of thalamic nuclei during development and is exclusively
expressed in neurons and not glia in the thalamus (K. Li, Zhang, & Li, 2012). If the appropriate
dose of tamoxifen is given during adulthood in order to activate Cre in the inducible Gbx2CreERT2
mouse line, we found that Cre is restrictively expressed within the midline and intralaminar
thalamus (Figure 12A). Therefore, we crossed this mouse line to the D2flx/flx mouse line until
mice were homozygous for the flx allele. Next, we downregulated midline thalamic D2R in adult
mice via 4 days of intraperitoneal injections. After a 2-week recovery period, the effect of this
manipulation was measured across many behavioral domains as a behavioral screen for the role
of midline thalamic D2R.
In the second experiment, I aimed to assess the behavioral role of PVT D2R by
overexpressing D2R in the PVT. I injected a Cre-dependent virus carrying the D2R construct into
the PVT of D2-Cre mice in order to overexpress D2R selectively in D2R-expressing PVT neurons.
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After a 4-week period following surgeries, I examined the role of this manipulation across
numerous behavioral domains.
In the third experiment, I aimed to assess the behavioral role of PVT D2R by
downregulating D2R in D2R-expressing PVT neurons. I injected a Cre virus into the PVT of D2
flx/flx mice. After a 4-week period following surgeries, I examined the role of this manipulation
across 4 different behaviors: elevated plus maze (EPM), open field (OF), fear conditioning, and
cocaine locomotor sensitization. These behaviors were selected based on results from the PVT
D2R overexpression experiments.
In the fourth and final experiment, I aimed to assess the role of silencing D2R-expressing
PVT neurons during different time points in both cocaine locomotor sensitization as well as fear
discrimination and contextual fear expression. I injected a cre-dependent virus carrying hM4D
into the PVT of D2-Cre mice. After a 4-week period following surgeries, I silenced these neurons
at different time points during behavior with intraperitoneal injections of clozapine-n-oxide
(CNO). The aim for this experiment was two-fold. First, we wished to assess whether activation
of Gi-coupled signaling pathways would recapitulate the behavioral findings in the D2OEPVT
experiments. This would provide a potential mechanism by which D2OE in the PVT was taking
effect. Second, we hypothesized that D2OE in the PVT was acting via silencing PVT projections to
different regions involved in contextual fear and cocaine locomotor sensitization. In order to
determine which set of PVT projections was responsible for each behavioral effect, our long-term
goal was to silence different projection systems via CNO injected through cannulae within these
regions (i.e. amygdala or NAc). However, the first step for this experiment was to narrow down
the time window for which activity of PVT neurons played a role in each of these behaviors. This
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step was conducted since repeated cannulae injections can cause neuronal tissue damage and
therefore a paradigm involving fewer injections are more ideal.

MATERIALS AND METHODS
Animals
Animals were housed with ad libitum access to food and water unless specified for a food
restricted behavior (operant-based tasks, novelty suppressed feeding, the delayed non-matched
to sample T-maze, and attentional set-shifting). A 12hr/12hr light/dark schedule, temperature
controlled environment was maintained. All behavioral testing was performed during the light
cycle. This is during the same phase of the light-dark cycle as the electrophysiology in this thesis,
since slices for electrophysiology were prepared at the beginning of the light cycle. All protocols
were approved by the Institutional Animal Care and Use Committees of both Columbia University
and the New York State Psychiatric Institute.
Statistics and analysis
All data was processed in Excel (Microsoft) and analyzed with Graphpad Prism 5.

Gbx2CreERT specific methods
The behavioral tests conducted on each cohort of mice:
Cohort EPM OF
LD NSF PPI T-maze Set-shifting
1
ü
ü
ü
ü
2
ü
ü
ü ü
ü
ü
3
ü
ü
ü ü
ü
4
ü
ü
ü ü
ü
ü
5
ü
ü
ü ü
ü
6
ü
ü
ü ü
7
ü
ü
ü

88

Fearcond

ü
ü
ü
ü
ü
ü
ü

Further breakdown of fear conditioning tests:
Cohort Cued Contextual Extinction Longfear Fear
term
(10dpost)
cue recall
1
2
3
4
5
6
7

ü
ü
ü
ü
ü
ü

ü
ü
ü
ü
ü
ü

ü (5 days)
ü(3 days)
ü (5 days)
ü (5 days)
ü (5 days)

ü
ü
ü
ü

Longterm
(17dpost)
context
recall

ü
ü

c-Fos
Fear
measured Discrimination
after reexposure
to
context

ü
ü
ü

Group breakdown per cohort after losses due to tamoxifen (male=m, female=f):
Cohort Vehicle, no Cre Vehicle, Cre Tamoxifen, no Cre Tamoxifen, Cre
1
2m, 3f
3m, 4f
1m, 3f
3m, 4f
2
3m, 2f
4m, 3f
3m, 2f
4m, 4f
3
5m
5m
5m
4m
4
4m
6m
3m
7m
5
3m
3m
2m
5m
6
4m
1m
6m
2m
7
4m
1m
2m
2m
Total:
25m, 5f
23m, 7f
22m, 5f
27m, 8f

Generation of the conditional midline thalamic D2R knockdown
Gbx2CreERT mice heterozygous for the Cre allele were crossed with D2flx/flx mice until
homozygous for the D2flx allele. Mice were counterbalanced for age and sex into 4 groups and
littermates were always used as controls: 1) vehicle, no Cre 2) vehicle Cre, 3) tamoxifen, no Cre
4) tamoxifen, Cre. Adult mice (>8 weeks) received 4 consecutive days of intraperitoneal (IP)
injections of 3mg (~100mg/kg) of tamoxifen in corn oil with 10% ethanol. Vehicle injections
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consisted of the same volume of a mixture of corn oil with 10% ethanol. All IP injections occurred
at the same time each day for the 4 days. Behavioral testing was initiated 2 weeks after the final
injection. This regimen of 4 consecutive days of injections at a dose of 3mg per animal was chosen
after titrating these values based on midline thalamic expression of YFP in a separate line of mice
whereby GBXcre mice were crossed with Rosa YFP mice. 3mg/kg for 4 days was the dose which
produced the highest levels of Cre induction that remained restricted to the midline thalamus
with very low levels of scattered expression in other regions throughout the brain (data not
shown).
The first two cohorts included both male and female mice and the subsequent cohorts
only examined male mice. This was due to variability in the female mouse behavioral results and
therefore the presence of a stronger effect in male mice.
Immunohistochemistry
Mice were deeply anesthetized with a mixture of ketamine (100mg/kg) and xylazine
(10mg/kg) and perfused with PBS and 4% PFA. Brains were post fixed in 4% PFA for 16-24 hours.
All sections were cut on a vibratome at a thickness of 50um and maintained at 4C in PBS prior to
staining. Staining for GFP as well as for D2 followed a standard immunohistochemistry protocol.
Slices were incubated overnight at 4C with primary antibodies: chicken anti-GFP antibody
(1/1000, Abcam, ab13970), rabbit anti-D2R (1/400, in house). Secondary antibodies included:
goat anti-chicken (1/500, Invitrogen, Alexa Fluor 488, A11039) and donkey anti-rabbit (1/500,
Invitrogen, Alexa Fluor 568, A10042). Staining for c-Fos followed a slightly different protocol.
Mice were perfused precisely 90 minutes following re-exposure to the fear conditioning context.
Slices were incubated with a rabbit anti-c-Fos antibody (1/1000, CalBiochem) overnight and
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subsequently incubated with a donkey anti-rabbit secondary antibody (1/500, Invitrogen, Alexa
Fluor 568, A10042). All slices were mounted with vectashield mounting media with DAPI (Vector
Laboratories).
In situ hybridization
In situ hybridization was conducted as described in Chapter 2. Films were scanned at high
resolution and subsequently analyzed using ImageJ software. Specifically, 4 coronal sections
were taken per mouse and matched between mice for the same anterior-posterior position
within the PVT. A region of interest (ROI) was drawn in ImageJ encircling the PVT and this ROI
was used across sections. Likewise, an ROI was drawn to measure striatum, cortex, and
background signal intensity.
Imaging and image analysis
All images were acquired with a Hamamatsu camera attached to a Carl Zeiss
epifluorescence microscope. Images were processed with NIH ImageJ software or in Adobe
Photoshop.
Behavioral testing
Elevated Plus Maze (EPM):
The total number of animals in this behavioral paradigm was 25 female and 97 male mice.
For males, the group breakdown was as follows: 25 vehicle, no cre, 23 vehicle, cre, 22 tamoxifen,
no cre, and 27 tamoxifen, cre. Mice were habituated to the testing room for more than 30
minutes and the elevated plus maze (EPM) test was conducted in the morning hours. Mice were
placed in the center of an EPM facing one closed arm. The maze was constructed from white
opaque acrylic sheets. The test was run for 10 minutes for the first two cohorts, after which the
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test was reduced to 5 minutes since the largest anxiety effects were seen in these first 5 minutes.
Lighting was adjusted to ~400 lux in the open arms and ~300 lux in the closed arms. AnyMaze
software was used to track the center of each mouse and zones were drawn within this software
in order to calculate dependent measures such as time spent in each zone.

Open Field (OF):
The total number of animals in this behavioral paradigm was 25 female and 97 male mice.
For males, the group breakdown was as follows: 25 vehicle, no cre, 23 vehicle, cre, 22 tamoxifen,
no cre, and 27 tamoxifen, cre. Mice were habituated to the testing room for more than 30
minutes prior to testing. After this time period, mice were placed in the corner of an open arena
consisting of clear acrylic activity chambers (42cm W x 42cm D x 38cm H) and allowed to explore
for 1 hour. Activity was recorded via infrared photobeams (Kinder Scientific). The light was
maintained at 500-575 lux.

Light-Dark (LD) test:
The total number of animals in this behavioral paradigm was 11 female and 88 male mice.
For males, the group breakdown was 23 vehicle, no cre, 20 vehicle, cre, 21 tamoxifen, no cre, and
24 tamoxifen, cre. Mice were habituated for >30 minutes to the testing room which was kept
completely dark except for single lamps placed above the light-dark apparatus. Mice were placed
in the same arena as the open field test with the same software used to analyze independent
measures. In addition, a dark enclosed acrylic insert was used in order to maintain half of the box
in darkness. Light for the bright half was maintained at 400-425 lux for the first 4 cohorts and this
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was increased for cohorts 5-7 to 600-650 lux in order to increase the anxiogenic properties of the
light side.
Pre-Pulse Inhibition (PPI):
The total number of animals in this behavioral paradigm was 23 female and 74 male mice.
For males, the group breakdown was 17 vehicle, no cre, 21 vehicle, cre, 14 tamoxifen, no cre, and
23 tamoxifen, cre. Mice were placed into startle chambers and were habituated to the chambers
for 5 minutes before any stimuli were presented. Mice were then exposed to five types of trials:
115db burst of noise without a prepulse, 115db with a prepulse of either 2db, 4db, 8db, 12db, or
16db, and no noise. The program started and ended with a block of 10 trials of 115dB pulses
without a prepulse. In between these blocks of pulses were randomly interspersed presentations
of the other 4 types of trials. The total number of trials was 100. The recording time window was
250 msec and background noise was 70dB.

Fear conditioning:
Two different protocols for fear conditioning were used. Cohorts 1-6 underwent a
protocol which will be referred to as standard fear conditioning. Cohort 7 underwent a protocol
which will be referred to as fear discrimination. In all fear conditioning experiments, standard
fear conditioning boxes were used (Med-Associates). Freezing was recorded by overhead videos
and subsequently scored using automated software (Actimetrics). Freezing bouts were included
if the duration was at least 1.5 seconds. Automated scoring was adjusted per mouse to match
each freezing bout in the video and this was done by an experimenter blind to the experimental
conditions.
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Standard fear conditioning:
This protocol consisted of 4 days and was adapted from (Lee et al., 2012) with some
changes outlined below. On each day, mice were habituated to the environment outside of the
fear conditioning room in order to avoid exposure to the tones.
Day 1 (training):
Mice were placed in standard fear conditioning boxes in context A. This context was the
context of the fear conditioning box without modifications, with exposure to the metal shock
bars, and was cleaned with Virkon-S 1%. A piece of paper towel soaked with lemon oil was placed
inside the box. The protocol for day 1 consisted of a 5-minute habituation to the fear conditioning
box followed by 3 tone-shock pairings of a 90dB, 3kHz, 30sec tone (CS) co-terminating with a
1sec, 0.5mA shock (US). The intertrial interval (ITI) between the tones was fixed at 120 seconds
each.
Day 2a (contextual fear retrieval):
20 hours following training, mice were returned to context A for 3 minutes to measure
freezing to the context.
Day 2b (cued fear retrieval):
4 hours following re-exposure to the context, mice were placed in context B. In this
context, the fear conditioning boxes were modified with plastic round inserts, a plastic floor
covering to mask exposure to the shock bars, and a piece of paper towel was soaked with
peppermint oil and placed inside the box. This context was always cleaned with alcohol-based
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cleaning wipes. The cued fear retrieval test consisted of a 3 minute habituation to the context
followed by a 2 minute exposure to the CS.
Day 3-7 (cued fear extinction):
Mice were returned to context B and underwent fear extinction which consisted of 3
minutes of habituation followed by 15 presentations of the CS with an ITI of 5 seconds. This day
was repeated for 3-5 days, as specified in the table above which outlines the details for each fear
conditioning behavior per cohort.
10-days post extinction (long-term cue recall):
During this long-term cue recall test, the extinction program from days 3-7 was presented
again.
17-days post extinction (long-term context recall):
During this long-term context recall test, mice were returned to context A for 3 minutes.
In cohort 5, mice were sacrificed 90 minutes following re-exposure to this context in order to
measure levels of c-Fos in the PVT.

Fear discrimination:
This protocol consisted of 3 days and was adapted from (De Bundel et al., 2016). On each
day, mice were habituated to the environment outside of the fear conditioning room in order to
avoid exposure to the tones.
Day 1 (habituation):
Mice were placed in context A (plastic floor insert, plastic round wall inserts, cleaned with
alcohol-based cleaning wipes) for a 2-minute habituation period followed by alternating
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presentations of two tones (2.5kHz, 7.5kHz, 85dB, 30sec) with an ITI of 20-120 seconds. A total
of 10 tones were presented (5 of 2.5kHz, 5 of 7.5kHz).
Day 2 (discriminative fear conditioning):
Mice were placed in context B (fear conditioning box without inserts cleaned with VirkonS 1%) for a habituation period of 2 minutes followed by alternating presentations of the two
tones. The mice were counterbalanced into two groups whereby one of the two tones (CS+) coterminated with a shock (US, 2sec, 0.6mA). The ITI was between 20-120 seconds.
Day 3 (test day):
The fear discrimination test day occurred in two parts. At 10am, mice were placed in
context A and received a habituation period of 1 minute followed by 4 presentations of one tone
(2.5kHz, 85dB, 30sec) with an ITI of 20-120 seconds. 4 hours later, at 2pm, mice were returned
to context A and received a habituation period of 1 minute followed by 4 presentations of the
other tone (7.5kHz, 85dB, 30sec). In this design, half of the mice are exposed to the CS+ in the
morning and half are exposed to the CS+ in the afternoon.
Delayed non-matched to sample T-maze
Methods were as described previously (Sebastien Parnaudeau et al., 2013). Mice were
food deprived to 80-85% of body weight. Next they were habituated to the T-maze for 2 days for
20 minutes per day whereby each arm was baited with a grain-based food pellet in order to
encourage exploration throughout the maze. On subsequent days, mice entered into a series of
10 trials, each of which consisted of a forced run and a choice run. During the forced run, the
door was opened at the starting chamber and mice were allowed to enter one of the two arms
to retrieve a food pellet while the other arm remained closed. Mice were trained to return to the
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start box to receive another food pellet. After a period of 10 seconds, the door to the start box
was opened and mice had to enter the opposite arm in order to retrieve the food pellet. After a
decision to enter an arm was made, the other arm was closed off. After an animal reached
criterion of at least 70% correct trials for 3 days in a row, the 10 second delay was increased on
the subsequent days to 30 seconds, 60 seconds, and 120 seconds. After every trial, a paper floor
covering was flipped in order to deter decision-making based on scent. For the same reason, both
arms of the maze had a box of extra food pellets on either end so that the decision could not be
made based on the scent of the reward. The ITI was approximately 10 seconds.
Attentional set-shifting
The Attentional set-shifting protocol was adapted from (Cho et al., 2015). Mice were food
deprived and maintained at 80-85% of initial body weight. Next, a 4-day protocol was followed
as described below. Two different kinds of bedding (paper and corn) were mixed with two
different spices (cinnamon and paprika) so that 4 combinations of bedding-scent pairings were
created. Food reward for this task consisted of quarter pieces of honey nut Cheerios.
Day 1 (habituation):
Quarter pieces of Cheerios were placed in different areas of the maze in order to
encourage exploration of the entire maze. Mice were allowed to explore the maze for 8 minutes.
Overnight the pots with cheerios mixed with the 2 different types of bedding was placed in the
cages in order to increase habituation.
Day 2-3 (acquisition of the digging task):
Each of the two arms of the maze were baited with a pot with a quarter Cheerio covered
with one of the two types of bedding. After the mouse consumed both rewards, it was removed
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from the maze and held in a clean cage while the maze was cleaned and the two pots were
rebaited. This trial was repeated 5 times on both days 2 and 3.
Day 4 (testing):
The order of scent-bedding pairs for the testing trials was predetermined and the same across all
mice. The first 5 trials consisted of baiting one pot and allowing the mouse to dig in both pots in
order to learn the rule which consisted of the type of scent predicting the correct pot. In between
each trial the mouse was placed in an empty holding cage, the maze was cleaned, and the next
combination of scent-bedding pots were set up. After these first 5 trials, the door to the opposite
arm was closed when the mouse started to dig in one of the pots. Latency to dig was recorded
and whether or not the animal made the correct choice. Trials continued in this way until a
criterion was met of 8 correct choices within 10 consecutive trials. After meeting criterion, the
extradimensional shift occurred whereby the type of bedding predicted the correct pot.
Novelty-suppressed feeding (NSF):
Novelty-suppressed feeding methods were adapted from (Samuels & Hen, 2011). Mice
were food deprived for 24 hours and behavioral testing began in the afternoon. Mice were placed
in the corner of a large, open arena (40x60cm, 350-400 lux) filled with corn cob bedding and with
a food pellet secured in the center to the top of a petri dish covered in white Whatman filter
paper measuring 12.5cm in diameter. The latency to chew on the food pellet was measured and
trials ended at 300sec, whichever occurred first. A few cohorts were run with this time length but
this was subsequently shifted to 600sec when too many mice were reaching 300sec without
chewing the food pellet. After completion of the trial, mice were returned to their home cage
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and the amount of food consumed was measured for 5 minutes as a control. Percentage body
weight lost during the 24 hours of food deprivation was also measured as a control.

D2OEPVT specific methods
Summary of D2OEPVT cohorts
Cohort Males
Females EPM OF LD PPI Operantbased
paradigms
1
4
2
ü
ü ü ü
control, control,
7 D2OE 3 D2OE
2
3
5
ü
ü ü ü ü
control, control,
5 D2OE 4 D2OE
3
3
5
control, control,
2 D2OE 5 D2OE

Fear
Cocaine
(discrimination locomotor
and context)
sensitization

ü
ü (+extinction)

ü

ü

ü

Surgical procedures
Adult (>8 weeks old) male and female D2cre mice (ER44Gsat/Mmcd, GENSAT) were
counterbalanced into two groups, one which received AAV2/1-hSyn-DIO-D2R(L)-IRES-mVenus
(Gallo et al., 2015) and another which received AAV2/5-hSyn-DIO-EGFP (University of North
Carolina) in the PVT (AP=-1.1mm, ML=0mm, DV=-3.2mm from Bregma). Littermates were always
used as controls. Each virus was injected using a Nanoject II Automatic Injector (Drummond
Scientific, Catalog #3-000-204) attached to a glass pipette (15-20um diameter) to slowly
administer 0.3ul of the virus. Injections were split into 13 injections of 0.023ul which occurred
over 6 minutes. This was followed by 5 minutes without injecting before slowly retracting the
pipette dorsally in order to allow for adequate viral spread. In this experiment, a more ventral
set of coordinates were used for the first cohort (DV=-3.65mm from Bregma) while cohorts 2-3
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were injected with the more dorsal set of coordinates (DV=-3.2mm from Bregma). The reason for
the change in coordinates was that the more ventral set of coordinates allowed viral spread to
the IMD and CM thalamus while the more dorsal coordinates resulted in a more focal site of
injection mainly involving the PVT. This change was at the time when we wanted to assess
whether our behavioral results could be pinpointed to the PVT. Behavioral testing began 4 weeks
following surgery.
Immunohistochemistry
Mice were deeply anesthetized with a mixture of ketamine (100mg/kg) and xylazine
(10mg/kg) and perfused with PBS and 4% PFA. Brains were post fixed in 4% PFA for 16-24 hours.
All sections were cut on a vibratome at a thickness of 50um and maintained at 4C in PBS prior to
staining. Staining for both the D2 virus as well as the control virus followed a standard
immunohistochemistry protocol in order to stain for GFP. Slices were incubated overnight at 4C
with a chicken anti-GFP antibody (1/1000, Abcam, ab13970) and subsequently incubated with an
anti-chicken secondary antibody (1/500, Invitrogen, Alexa Fluor 488 goat anti-chicken, A11039).
Slices were mounted with vectashield mounting media including DAPI (Vector Laboratories).
Imaging and image analysis
All images were acquired with a Hamamatsu camera attached to a Carl Zeiss
epifluorescence microscope. Images were processed with NIH ImageJ software or in Adobe
Photoshop.
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Drugs
Cocaine hydrochloride (Sigma, C5776) was dissolved in sterile saline at a concentration of
1.5mg/ml and injected intraperitoneally at 15mg/kg. This mixture was always prepared on the
day of use. Vehicle injections were sterile saline.

Behavioral testing
Elevated Plus Maze (EPM):
The EPM test was conducted as in the GBXcre, D2flx/flx experiments except with different
lighting conditions. The light for this experiment was adjusted to 550-615 for the open arms and
350-400 in the closed arms.
Open Field (OF):
The OF test was conducted as in the GBXcre, D2flx/flx experiments except with different
lighting conditions. The light was adjusted to 500-550 lux at the center of the OF in cohort 1 and
615-675 lux at the center in cohort 2.
Light-Dark (LD) test:
The LD test was conducted as in the GBXcre, D2flx/flx experiments except with different
lighting conditions. The light side was adjusted to 600-650 lux. Locomotion was measured for 10
minutes.
Pre-Pulse Inhibition (PPI):
PPI was conducted as in the GBXcre, D2flx/flx experiments.
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Operant-based paradigms:
All operant-based tasks were conducted in modular test chambers (Med Associates, ENV307W) placed within sound attenuating boxes (Med Associates, ENV-022MD). Mice were food
deprived and maintained at 80-85% of body weight for all operant-based tasks described below.
Outcome specific PIT:
The outcome specific Pavlovian-to-instrumental transfer (PIT) task was adapted from
(Sébastien Parnaudeau et al., 2015). Mice underwent dipper and feeder training followed by 7
days of Pavlovian training and subsequently 11 days of instrumental training. After instrumental
training, mice received 3 days of PIT testing. Each of these training and testing periods is
described below. These tests were followed by a progressive ratio (PR) task as well as an outcome
specific devaluation task.
Dipper and feeder training:
Mice underwent 2 days of training in which they learned to retrieve two different rewards
(sucrose pellets and 20% sucrose solution) from the food magazine. this training consisted of
twice daily sessions whereby one type of reward was administered during a session. For sucrose
pellets, rewards were delivered on a random time schedule (avg 30 sec). For sucrose solution, on
day 1 the dipper was raised with a drop of sucrose solution and did not retract until 10 seconds
after the first head entry into the feeder trough. These trials were separated by a variable ITI and
the entire session lasted 30 minutes or until 20 dippers were presented, whichever occurred first.
On day 2, the dipper was presented for 8 seconds regardless of a head entry and the session
ended after 20 presentations of the dipper.
Pavlovian training:
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Mice underwent 7 days of training whereby two conditioned stimuli (CS: tone or white
noise) were paired with the two food rewards (20% sucrose or sucrose pellets). During each daily
1-hour session, each 2-minute CS was presented 4 times in a pseudorandomized fashion with a
variable ITI. During each CS presentation, the food reward was delivered on a random time
schedule. Mice were counterbalanced at this stage of training such that half of the mice received
one pairing (i.e. tone with sucrose pellets) and the other half received the other pairing (i.e. white
noise with 20% sucrose solution).
Instrumental training:
Mice underwent 11 days of training whereby one lever (i.e. left lever) was paired with
one of the food rewards (i.e. sucrose pellets) while the other lever was paired with the other food
reward. At this stage, mice were counterbalanced between the possible pairings. For the 11 days
of training, mice received twice daily sessions in order to associate each of the two levers with
the two food rewards. The order of the sessions was reversed daily such that a particular lever
or outcome was never associated with a particular time of the day. For every session, 20 rewards
or 30 minutes signaled the end depending on whichever occurred first. The schedule of
reinforcement for the 11 days consisted of: 2 days of continuous reinforcement (CRF), 3 days of
RR5 (probability of lever press leading to a reward = 1/5), 3 days of RR10, 3 days of RR20.
PIT testing:
PIT was measured across 3 consecutive days. Each session consisted of an 8-minute
extinction period whereby both levers were presented and no rewards or CSs were delivered.
This was followed by 40 minutes of: 4 presentations of each CS (2-minutes) separated by a 3minute fixed ITI without delivery of any food rewards.
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Progressive Ratio:
Following PIT testing, mice were re-trained on an RR20 schedule but with once daily
sessions and with evaporated milk as the food reward. After 3 days of re-training, mice were
tested for 2 days on a progressive ratio task following previously described methods (Carvalho
Poyraz et al., 2016). This PR task was conducted with a schedule of reinforcement whereby the
number of presses required to earn a reward doubled with each reward earned starting with a
requirement of 2 lever presses for the first reward. Sessions ended after either 3 minutes without
a lever press or after 2 hours, depending on which occurred first.
Outcome-specific Devaluation:
Following PR testing, mice were re-trained with on an RR20 schedule with twice daily
sessions for 2 days with sucrose pellets and 20% sucrose solution. The same counterbalanced
groups as for PIT were maintained. For example, mice that had received a left lever with sucrose
pellets solution were re-trained with these same pairings. After re-training, mice underwent
devaluation testing. On the first day, mice received ad libitum access to one of the two food
rewards for 1 hour while housed singly. This reward was counterbalanced across the groups such
that half of the mice in each lever-outcome group received one of the food rewards and the other
half received the other food reward. After 1 hour of free access to this reward, mice were tested
for 10 minutes in an extinction test whereby both levers were presented and no rewards were
delivered. The following day consisted of one day of the twice daily RR20 schedule in order to
bring lever pressing rates back to baseline following this extinction task. Subsequently, mice
underwent the second day of devaluation testing which was the same as the first except that the
pre-feeding reward was reversed across the mice from the first day.
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Fear discrimination:
This protocol was adapted from (De Bundel et al., 2016) and was the same as with the
fear discrimination GBXcre, D2flx/flx cohort 7 with the following additions: a contextual fear test
on the 4th day (all 3 D2OEPVT cohorts) followed by 6 days of fear extinction (only cohort 2 of the
3 D2OEPVT cohorts). These protocol additions will be described below.
Day 4 (contextual fear test):
Mice were returned to context B (fear conditioning box with exposure to the metal shock
bars, cleaned with Virkon-S 1%) for 3 minutes.
Day 5-10 (fear extinction):
On days 5-10, the cued fear memory was extinguished. The extinction protocol was as
follows. Mice were returned to context A (plastic inserts, alcohol wipes) and allowed a 3-minute
habituation period followed by 10 presentations of the CS+ with a varied ITI of 20-90 seconds.

Cocaine locomotor sensitization:
Mice were habituated to a room adjacent to the testing room for >30 mins. Subsequently,
they were placed in the open field boxes as described in the open field paradigm above but
lighting was maintained at 300-365 lux. After 1.5 hours, mice were taken out of the boxes briefly
and injected intraperitoneally according to the following schedule: 2 days of saline, 5 days of
15mg/kg cocaine or saline. This schedule was followed 6 days later with two days of injections:
saline then cocaine 15mg/kg for all mice. Immediately following each injection, the mice were
returned to the boxes for another 1.5 hours. Mice were counterbalanced into two groups, one
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which was run in the morning and one which was run in the early afternoon. They were also
counterbalanced into 4 experimental groups: cocaine GFP, cocaine D2OEPVT, saline GFP, saline
D2OEPVT according to whether they received cocaine or saline across the 5 sensitization days
and according to which virus was injected in the PVT. In the second cohort, groups were
counterbalanced after the 2nd day of saline injections in order to account for any differences in
baseline locomotor activity. This was not performed in the 1st cohort.

D2R downregulation specific methods
Cohort Males
1
2

4 Cre, 3
control
6 Cre, 5
control

Females

EPM

OF

Fearcond
Cocaine
(discrimination locomotor
and context)
sensitization

5 Cre, 4
control
4 Cre, 5
control

ü

ü

ü

ü

ü

ü

Surgical procedures
Adult male and female D2flx/flx mice (>8 weeks old) were counterbalanced into two
groups, one which received AAV1-CMV-PI-Cre-Rbg (Penn Vector Core) and another which
received AAV1-CAG-EGFP (Trifilieff et al., 2013) in the PVT (AP=-1.1mm, ML=0mm, DV=-3.2mm
from Bregma). Littermates were always used as controls. Each virus was injected using a Nanoject
II Automatic Injector (Drummond Scientific, Catalog #3-000-204) attached to a glass pipette (1520um diameter) to slowly administer 0.3ul of the virus. Injections were split into 13 injections of
0.023ul which occurred over 6 minutes followed by 5 minutes before slowly retracting the pipette
dorsally in order to allow for adequate viral spread and minimal leakage. Two different sets of
coordinates were used. In the first cohort, a more ventral injection site was chosen (AP=-1.1mm,
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ML=0mm, DV=-3.65mm from Bregma). In the second cohort, a more dorsal injection site was
chosen (AP=-1.1mm, ML=0mm, DV=-3.2mm from Bregma). The more ventral set of coordinates
allowed viral spread to the IMD and CM thalamus while the more dorsal coordinates resulted in
a more focal site of injection mainly involving the PVT, the midline thalamic nucleus we wished
to focus on in terms of our behavioral studies. Behavioral testing began 4 weeks following
surgery.
Immunohistochemistry
Mice were perfused and brains were sliced and maintained as in the D2OEPVT
experiments. Staining for both the Cre virus as well as the control virus followed a standard
immunohistochemistry protocol except that Cre staining required increased permeabilization.
For Cre staining, sections were permeabilized in 0.5% PBST in order to allow for improved access
to the nucleus. Slices were incubated overnight at 4C with an anti-Cre antibody (1/2000 (C.
Kellendonk et al., 1999)) and subsequently incubated with an anti-rabbit secondary antibody
(1/500, Invitrogen, Alexa Fluor 488 donkey anti-rabbit, 21206). Staining for the control virus was
conducted as in D2OEPVT experiments for GFP staining. Slices were mounted with vectashield
mounting media including DAPI (Vector Laboratories).
Imaging and image analysis
All images were acquired with a Hamamatsu camera attached to a Carl Zeiss
epifluorescence microscope. Images were processed with NIH ImageJ software or in Adobe
Photoshop.
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Drugs
Cocaine hydrochloride (Sigma, C5776) was dissolved in sterile saline at a concentration of
0.75mg/ml and injected intraperitoneally at 7.5mg/kg. This mixture was always prepared on the
day of use. Vehicle injections were sterile saline.
Behavioral testing
EPM:
The EPM task was conducted as in the D2OEPVT experiments except with slightly lower
lighting conditions. The lighting for the open arms was adjusted to ~400 lux.
OF:
The OF test was conducted as in the D2OEPVT experiments except with lower lighting
conditions. The lighting for the OF was adjusted to 300-365 lux.
Cocaine locomotor sensitization:
This was conducted as described for the D2OEPVT experiments except that cocaine was
administered at half the dose (7.5mg/kg). The reasoning behind this lower dose design was that
we hypothesized D2 PVT knockdown mice to develop increased cocaine locomotor sensitization
compared to controls. Therefore, we halved the dose in order to avoid reaching a ceiling effect.
In the second cohort of this experiment, groups were counterbalanced after the first two saline
injection days in order to account for differences in baseline locomotor activity. This was not
performed in cohort 1 and therefore different baselines were observed.
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Fear conditioning:
This was conducted as described for the D2OEPVT experiments where a 4-day fear
discrimination with re-exposure to context protocol was used. Extinction to the tone was not
measured, unlike cohort 2 of the D2OEPVT experiments.

hM4d specific methods
Cohort Male
mice
1

12

Female
mice

Cocaine
locomotor
sensitization

Fearcond
(discrimination
and context)

16

ü

ü

Surgical procedures
28 adult male and female D2-cre mice (ER44Gsat/Mmcd, >8 weeks old) received
injections of AAV5-hSyn-DIO-hM4D-mCherry (University of North Carolina) in the PVT (AP=1.1mm, ML=0mm, DV=-3.2mm from Bregma). Each virus was injected using a Nanoject II
Automatic Injector (Drummond Scientific, Catalog #3-000-204) attached to a glass pipette (1520um diameter) to slowly administer 0.3ul of the virus. Injections were split into 13 injections of
0.023ul which occurred over 6 minutes. An additional 5 minutes was allowed before slowly
retracting the pipette dorsally in order to allow for adequate viral spread and minimal leakage.
Behavioral testing began 4 weeks following surgery.
Immunohistochemistry
Mice were perfused and brains were sliced and maintained as in the D2OEPVT
experiments. Staining for mCherry was conducted using a standard immunohistochemistry
protocol. Slices were incubated overnight at 4C with an anti-dsred antibody (1/500, ClonTech,
Catalog #632496) and subsequently incubated with an anti-rabbit secondary antibody (1/500,
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Invitrogen, Alexa Fluor 568 donkey anti-rabbit, A10042). Slices were mounted with vectashield
mounting media including DAPI (Vector Laboratories).
Imaging and image analysis
All images were acquired with a Hamamatsu camera attached to a Carl Zeiss
epifluorescence microscope. Images were processed with NIH ImageJ software or in Adobe
Photoshop.
Drugs
Cocaine hydrochloride (Sigma, C5776) was dissolved in sterile saline at a concentration of
1.5mg/ml and administered at 15mg/kg. This mixture was always prepared on the day of use.
CNO was dissolved in sterile saline at a concentration of 0.2mg/ml and injected intraperitoneally
at 2mg/kg. Vehicle injections in both cases were sterile saline.
Behavioral testing
Cocaine locomotor sensitization:
This was conducted similarly to the D2OEPVT experiments with 15mg/kg IP injections of cocaine
with the following differences. Here, the group design and session duration differed since the
addition of a second IP injection was required (1st injection: CNO vs vehicle, 2nd injection: cocaine
or saline, depending on the day of the behavior). Also, each mouse received cocaine across the
5-day sensitization period instead of receiving cocaine or saline as in the D2OEPVT experiments.
In this experiment, 28 mice all received the hM4D virus and were subsequently counterbalanced
across 4 groups in order to assess the effect of silencing the PVT at different time points across
the cocaine locomotor sensitization behavioral time period. Group design is illustrated in Figure
31A. Briefly, mice received CNO either during the 5 days of cocaine injections or during cocaine

110

challenge day or both with a 4th control group receiving vehicle (saline) during all time points.
The sessions were such that mice were placed into the open field for a 30-minute baseline
locomotion assessment and habituation period. Subsequently, mice were briefly removed from
the open field in order to receive IP injection #1 which consisted of either CNO or vehicle (saline).
Mice were returned to the open field for 30 minutes. Next, mice were removed briefly for an
injection of cocaine or saline, depending on the day of behavior and returned to the open field
for 1 hour. Littermates were always used as controls. Groups were counterbalanced after day 2
of saline-saline injections in order to counterbalance for baseline levels of locomotion in addition
to all other parameters (i.e. sex, drug, box, etc.).

Fear discrimination:
This was conducted as in the D2KD experiments except that the group design was
different and mice received an injection of either CNO or vehicle (saline) 30 minutes prior to each
testing session. Mice were counterbalanced across 4 groups in order to assess the effect of PVT
silencing at different time points across the 4-day protocol. Briefly, mice received CNO prior to
acquisition or tone discrimination testing or re-exposure to the context, with a 4th control group
receiving vehicle (saline) prior to each of these testing sessions. This group design is illustrated in
figure 30A. Littermates were always used as controls and groups were counterbalanced for each
parameter.
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RESULTS
Gbx2CreERT conditional midline thalamic D2R downregulation
The following results in Gbx2CreERT, D2flx/flx mice are focused on anxiety and fear
conditioning. All other results were negative and these have been left out from this section due
to the problems we have encountered using the Gbx2CreERT mouse line. These have been
detailed throughout each experiment within this results section. Briefly, there was an effect of
genotype (Cre allele) and/or drug (tamoxifen) on each behavior. With these effects as well as
with the fact that this method of midline thalamic D2 downregulation led to relatively small
behavioral effects in the behaviors studied, analyses of each behavior never resulted in an
interaction observed with ANOVA statistics. This was despite the large number of mice used for
each behavioral study. We therefore shifted our work from this mouse line to using other
methods of D2 up- and downregulation using viral constructs as described in the subsequent
series of experiments.
In situ hybridization for D2 mRNA in PVT
Radiolabeling intensity for D2R mRNA was lower within the PVT of Gbx2CreERT+/-,
tamoxifen mice (n=6) compared to controls (n=5) from the three control groups (t-test:
p<0.0001). However, there was no difference in labeling within the striatum or cortex (t-test:
striatum p=0.8546, cortex p=0.9645). Therefore, PVT values which were normalized to either
striatum or cortex were also significantly different between the groups (t-test: normalized to
striatum p=0.0009, normalized to cortex p=0.0006) (Figure 12B-C).
Immunohistochemistry for D2 protein in the PVT
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Immunohistochemistry for the D2R protein revealed decreased staining in the PVT of
Gbx2CreERT+/-, tamoxifen mice (n=6) compared to controls (n=6) from the three control groups
when fluorescence of the PVT was normalized to fluorescence of the medial habenulae or the
neighboring MD thalamus (t-test: normalized to habenulae p=0.0009, normalized to MD
p=0.0414) (Figure 12E). When fluorescence was not normalized, there was a trend towards
significance for decreased fluorescence in Gbx2CreERT+/-, tamoxifen mice compared to controls
(t-test: p=0.0842) (Figure 12D).
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Figure 12. PVT D2R downregulation with the Gbx2CreERT mouse line. A) Expression pattern of
Cre induction by tamoxifen IP injections in a Gbx2CreERT mouse crossed with a rosa-eyfp
reporter line. Expression is strong in midline and intralaminar nuclei. B) In situ hybdrization for
D2R shows significantly decreased radiolabeling in Gbx2CreERT, Tam mice compared to controls.
C) Radiolabeling in the PVT normalized to radiolabeling in the striatum shows the same result. D)
Immunohistochemistry for the D2R shows a non-significant decrease (p=0.08) in D2R
immunolabeling in Gbx2CreERT, Tam mice compared to controls. E) This result was significant
when normalized to immunolabeling in the neighboring medial habenulae.
EPM
When control groups were combined, there was an effect of midline thalamic D2
downregulation on time spent in the open arm. Male Gbx2CreERT+/-, D2flx/flx mice that received
tamoxifen spent significantly less time in the open arm compared to combined controls (t-test:
P=0.0197) (Figure 13B). However, a closer examination of the different control groups revealed
an effect of genotype (Cre allele) in terms of lowering the time spent in the open arm (2-way
ANOVA: genotype p=0.0439, drug p=0.6923, no interaction) (Figure 13A).
OF
When control groups were combined, male Gbx2CreERT+/-, D2flx/flx mice that received
tamoxifen spent significantly less time in the center of the open field compared to controls when
analyzing the first 15 minutes of the 1hr test (t-test: P=0.0014) (Figure 13D). However, this effect
was due to an effect of genotype (2-way ANOVA, genotype p<0.0001, drug p=0.8514, no
interaction) (Figure 13C). Specifically, mice with the Cre allele spent less time in the center of the
open field.
LD
Male Gbx2CreERT+/-, D2flx/flx mice that received tamoxifen exhibited a trend towards
spending less time in the light zone of the light-dark box. This was not significant even when
control groups were combined (t-test: P=0.0923) (Figure 13E). When the 4 groups were examined
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separately, no apparent effect of drug or genotype was found (2-way ANOVA: genotype
p=0.3761, drug p=0.1254, no interaction) (Figure 13D).
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Figure 13. Midline thalamic D2R downregulation with the Gbx2CreERT mouse line leads to
increased anxiety. A) Gbx2CreERT, Tam mice spent less time in the open arms of the elevated
plus maze (A-B) and less time in the center of the open field (C-D). However, in both cases, this
was due to an effect of genotype (Cre). E, F) Gbx2CreERT, Tam mice spent less time in the light
zone of the light-dark test but this was not significant.
Fear conditioning
Due to issues with the fear conditioning apparatus in terms of unreliability of the shock
delivery, mice from this experiment have been removed from the data if placed in a box that was
later found to unreliably deliver a shock. In addition, “non-learner” mice were removed and this
was defined as an animal with freezing levels <15% during the final (3rd) tone-shock pairing during
acquisition.
Acquisition
There were no differences in the baseline level of freezing or freezing during the 3 toneshock pairings between the 4 groups (2-way ANOVA with repeated measures: group p=0.4277,
no interaction) (Figure 13A).
Fear retrieval for context
When control groups were combined, male Gbx2CreERT+/-, D2flx/flx mice that received
tamoxifen spent more time freezing to the context but this difference was not statistically
significant (t-test: P=0.0684). When control groups were analyzed separately, there was an effect
of drug but not genotype on the amount of time spent freezing (2-way ANOVA: genotype
p=0.3433, drug p=0.0255, no interaction) (Figure 13B).
Fear retrieval for tone
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There were no differences between any group in expression of fear to the tone as
measured 24 hours following conditioning (2-way ANOVA with repeated measures: group
p=0.2205, no interaction) (Figure 13C).
Extinction to the tone
There were no differences between groups during fear extinction across the 5 days. (2way ANOVA with repeated measures: day 1 group p=0.3889, significant interaction, Bonferroni
post hoc tests not significant, day 2 group p=0.2092, no interaction, day 3 group p=0.0537, no
interaction, day 4 group p=0.3065, no interaction, day 5 group p=0.4840, no interaction) (first 3
days are shown in Figure 13D).
Long-term retrieval for tone
There were no differences between groups during the 10-day post extinction
measurement of retrieval of fear for the tone (2-way ANOVA with repeated measures: group
p=0.1839, no interaction) (data not shown).
Long-term retrieval for context
There were no differences between male Gbx2CreERT+/-, D2flx/flx mice and controls
during the 17-day post extinction measurement of retrieval of fear for the context (t-test:
P=0.5783) (data not shown).

118

A

B

C

D

119

Figure 14. Midline thalamic D2R downregulation with the Gbx2CreERT mouse line leads to a
trend towards significance for increased contextual fear. A) Gbx2CreERT, Tam mice and control
groups did not differ during acquisition of fear conditioning. B) During contextual recall,
Gbx2CreERT, Tam mice spent more time freezing to the context but this was not significant (ttest: p=0.068) and this was due to an effect of drug (tamoxifen) and not genotype. C)
Gbx2CreERT, Tam mice and control groups did not differ during cue recall. D) Gbx2CreERT, Tam
mice and control mice (all controls combine) did not differ during tone extinction.
c-fos induction in PVT
Induction of c-Fos in the PVT was measured in two cohorts: cohort 5 and cohort 6 of the
7 cohorts. Cohort 6 was re-shocked before re-exposure to the training context and unfortunately
only had 2 mice in the group of Gbx2CreERT+/-, D2flx/flx with tamoxifen after losses due to
tamoxifen toxicity. Therefore, only the results from cohort 5 will be presented here. In cohort 5,
Gbx2CreERT+/-, D2flx/flx with tamoxifen mice exhibited lower levels of freezing upon reexposure to the context at the long-term context recall time point but this was not significant (ttest: P=0.14). This was in contrast to their higher levels of freezing upon initial re-exposure to the
context. Induction of c-Fos followed in the same direction whereby Gbx2CreERT+/-, D2flx/flx with
tamoxifen mice expressed lower levels of c-Fos in the PVT at 90 minutes following re-exposure
to the context but this result was not significant (t-test: P=0.14) (data not shown).
Fear discrimination
Unfortunately, only 2 Gbx2CreERT+/-, D2flx/flx mice with tamoxifen were part of this
cohort due to low numbers of mice and after losses due to the toxic effects of tamoxifen.
Comparing this group to combined controls, there was no difference during acquisition of the
tone-shock pairings (2-way ANOVA with repeated measures: time P<0.0001, group P=0.9555, no
interaction). For fear discrimination, (2-way ANOVA with repeated measures: time P<0.0001,
group P=0.1734, no interaction) (data not shown).
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Overexpression of D2R in the PVT (D2OE PVT)
Summary table of behavioral findings in D2OE PVT mice

Behavior

Outcome

Elevated plus maze
Open field
Light-dark box
Pre-pulse inhibition and startle response
Pavlovian-to-instrumental transfer
Progressive ratio

No ∆
No ∆
No ∆
Small á startle, PPI (not
significant)
No ∆
No ∆

Devaluation

No ∆

Fear discrimination

No ∆

Contextual fear

â Contextual fear

Cocaine locomotor sensitization

â Sensitization

EPM
There was no difference in the time spent in the open arms between D2OE PVT and
control mice in the elevated plus maze (t-test: p=0.3704) (Figure 15A).
OF

121

There was no difference in the time spent in the center in the 1st 15 minutes of the 1-hour
open field test (t-test, P=0.6656) (Figure 15B).
LD
There was no difference in the time spent in the light zone during the entire 10min test
or during the first 5 minutes of the test (t-test for 1st 5 mins: p=0.8058) (Figure 15C).
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Figure 15. Overexpression of D2R in D2R-expressing PVT neurons does not affect
measurements of anxiety. D2OE PVT mice spent the same amount of time in the open arms of
the elevated plus maze across a 5-minute test (A), the center of the open field across the first 15
minutes of a 1-hour test (B), and the light zone of the light-dark box for the first 5 minutes of a
10-minute test (C).
PPI
There was a trend towards significance in pre-pulse inhibition measurements whereby
D2OE PVT mice exhibited increased pre-pulse inhibition across pre-pulse types (PP4, 8, 12, 16)
(Figure 16A). However, this was not significant (2-way ANOVA with repeated measures: p=0.0751
for group, no interaction: p=0.9907). There was also a trend towards significance for startle
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response whereby D2OE PVT mice exhibited increased reaction to a 115db pulse without a prepulse (t-test: p=0.0576) (Figure 16B). There was an interesting difference between cohorts
whereby cohort 1 exhibited this difference (t-test: p=0.0449) but cohort 2 showed no difference
(t-test: p=0.7353).
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Figure 16. Overexpression of D2R in D2R-expressing PVT neurons leads to a trend towards
significance for increased PPI and increased startle response. A) D2OE PVT mice exhibited
increased pre-pulse inhibition across each of the pre-pulses. However, this was not significant (2way ANOVA with repeated measures: group p=0.0571, no interaction). B) D2OE PVT mice
exhibited an increased startle response but this did not reach significance (t-test: p=0.058).
Operant-based paradigms
Food deprivation
Body weights were compared for both males and females separately between D2OE PVT
and control mice across the first 30 days of food deprivation. This was examined since the PVT
receives such a strong hypothalamic innervation and may be important for food reward and
energy metabolism. However, no group differences were observed for either males (2-way
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ANOVA with repeated measures: group p=0.8554, no interaction) or females (2-way ANOVA with
repeated measures: group p=0.9318, no interaction) across this time period (Figure 17).
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Figure 17. Overexpression of D2R in D2R-expressing PVT neurons does not affect body weight
during a long-term food deprivation period. Body weight is not affected in D2OE PVT males (A)
or D2OE PVT females (B) compared to control mice across 31 days of food deprivation.
PIT
Pavlovian learning was measured using the Pavlovian elevation score: (head entry rate
during CS+)-(head entry rate during pre-CS+). D2R overexpression in the PVT did not affect this
measure (2-way ANOVA with repeated measures: group p=0.9960, no interaction) (Figure 18A).
During instrumental learning, there were no group differences in the number of lever presses per
session for either reward (2-way ANOVA with repeated measures: pellet reward group p=0.4838,
no interaction, sucrose reward group p=0.9798, no interaction) (Figure 18B-C).
Lever presses during the first 8 minutes (extinction period) of the 3 PIT testing sessions
were also compared. On days 1 and 2, there were no differences between groups across the 8124

minute period (2-way ANOVA with repeated measures: day 1 group p=0.5025, no interaction,
day 2 group p=0.1216, no interaction). There was a difference between groups across the 8
minutes for the 3rd extinction session (2-way ANOVA with repeated measures: day 3 group
p=0.0024, no interaction). However, a comparison of total lever presses across the 3 extinction
periods revealed no group differences (2-way ANOVA with repeated measures: group p=0.1943,
no interaction) (Figure 18D).
During PIT testing, the PIT transfer score ([lever press rate during the CS+]-[lever press
rate during the ITIs]) was compared between the two groups for both “same” (presses rate
measured for the lever paired with the same outcome as the CS+) and “different” (press rate
measured for the lever paired with the different outcome as the CS+). On day 1, control mice did
not show outcome-specific PIT and therefore it appeared as though D2R overexpression in the
PIT increased outcome-specific PIT (2-way ANOVA with repeated measures: group p=0.8600,
significant interaction p=0.0065. Bonferroni post hoc test for same vs different: P=not significant
for control, p<0.01 for D2OE.). It is not known why control mice performed poorly on this day.
On days 2 and 3, there were no group differences (2-way ANOVA with repeated measures: day 2
group p=0.9949, no interaction, day 3 group p=0.6823, no interaction). When days 1-3 or 2-3
were averaged, there were no group differences (2-way ANOVA with repeated measures: group
p for days 1-3=0.9634, no interaction, group p for days 2-3=0.8296, no interaction) (Figure 18E).
If days 1-2 were averaged, there was a difference whereby D2OE mice exhibited increased
outcome-specific PIT (2-way ANOVA with repeated measures: group p=0.9012, interaction
p=0.0266. Bonferroni post hoc tests for same vs different: control p>0.05, different p<0.01.).
However, this difference is likely due to the fact that control mice did not exhibit outcome-

125

specific PIT, as would have been expected with the parameters of this experiment. Therefore,
this result is inconclusive and would require further testing.
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Figure 18. Overexpression of D2R in D2R-expressing PVT neurons does not affect Pavlovian
training, operant learning, or Pavlovian-to-instrumental transfer (PIT). There were no
differences between groups in Pavlovian training, as measured by the Pavlovian elevation score
(A), the number of lever presses for either type of reward (B-C), or across the extinction periods
during the first 8 minutes of PIT testing sessions (D). E) During PIT testing, there were no
differences between groups when the three sessions were averaged.
Progressive Ratio
Following PIT testing, mice were re-trained for 3 days with RR20 instrumental training
with evaporated milk as the food reward. There were no differences in the number of lever
presses across the 3 sessions despite a slightly lower number of presses made by the D2OE PVT
mice (2-way ANOVA with repeated measures: group p=0.1234, no interaction) (Figure 19A).
During the two PR testing days, there were no differences in total presses, session duration, or
breakpoint (the corresponding number of presses required for the highest ratio achieved within
that session) for either day (Press number t-test: day 1 p=0.2099, day 2 p=0.7460. Session
duration t-test: day 1 p=0.6529, day 2 p=0.5994. Breakpoint t-test: day 1 p=0.2663, day 2
p=0.5690.) (Figure 19B-G). Survival curve analyses were also performed for session duration and
no group differences were found (Log-rank test: day 1 p=0.8159, day 2 p=0.8700) (Figure 19B, E).
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Figure 19. Overexpression of D2R in D2R-expressing PVT neurons does not affect performance
on a progressive ratio (PR) task measuring motivation. There were no differences between
groups for lever press training following PIT testing (A), or in session duration (B, E), breakpoint
(C, F), or number of presses (D, G) in either of the two PR testing sessions.
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Outcome-specific Devaluation
Both control and D2OE PVT mice decreased their lever press rates and total number of
presses to the devalued outcome with an effect of both value and group but there was no
interaction between value and group (2-way ANOVA with repeated measures: group p=0.0174,
value p=0.0042, no interaction) (Figure 20A, B). This data has been represented as both press
rate and total number of presses during the 10 minute sessions as well as by the total number of
presses shown for every 1-minute time bin for the 10 minute sessions (Figure 20C, D).
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Figure 20. Overexpression of D2R in D2R-expressing PVT neurons does not affect outcomespecific devaluation. A, B) Both groups decreased lever pressing to the devalued reward
similarly. Press number per minute for each of the rewards is also illustrated for control mice (C)
as well as D2OE PVT mice (D).
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Fear discrimination
Inclusion criteria
Two of 3 cohorts were included in this data set. The second cohort went through fear
conditioning following long-term operant training and testing. The fear boxes are a very similar
context to that of the operant boxes (metal grid flooring, both Med-Associates boxes) and when
contextual fear recall was extremely low, we hypothesized that it was due to this reason.
Acquisition
There were no differences between D2OEPVT and control mice either in baseline levels
of freezing or during the 5 CS+ presentations during acquisition (2-way ANOVA with repeated
measures: p=0.4981 for group, no interaction) (Figure 21A).
Discrimination
D2OEPVT and control mice exhibited a similar level of freezing to the new context and
discriminated between the CS+ and CS- tones to the same degree (2-way ANOVA with repeated
measures: group p=0.8339, no interaction) (Figure 21B).
Contextual fear expression
D2OEPVT mice exhibited significantly lower levels of freezing upon re-exposure to the
context when compared to control mice (t-test: P=0.0224). The statistics for this result differed
slightly between cohorts. Specifically, cohort 2 did not show this difference because control mice
also exhibited low levels of freezing. We hypothesize that this was due to months of daily
exposure to the operant boxes which have the same metal floor bars as the fear conditioning
boxes (both Med-Associates). This exposure occurred before fear conditioning. When included
into the statistics of this result, it was still significant (t-test: p=0.0337) (Figure 21C).
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Figure 21. Overexpression of D2R in D2R-expressing PVT neurons specifically decreases
contextual fear expression. A) D2OE PVT and control mice exhibit similar levels of freezing to the
CS+ during acquisition. B) D2OEPVT and control mice discriminate between the CS+ and CS- to
the same extent. The two groups also display a similar level of freezing to the new context (pre).
C) D2OE PVT mice freeze significantly less than control mice when re-exposed to context A.
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Extinction of the tone
There were no differences between D2OEPVT and control mice across the 6 days of
extinction (2-way ANOVA with repeated measures, p values reported for group: day 1 p=0.8801,
day 2 p=0.3401, day 3 p=0.4846, day 4 p=0.2432, day 5 p=0.0601, day 6 p=0.6440, no interaction
on any day. If 6 days were analyzed together: p=0.2072, no interaction) (Figure 22).

Figure 22. Overexpression of D2R in D2R-expressing PVT neurons does not affect cued fear
extinction. D2OE PVT and control mice exhibited similar levels of extinction to the CS+ across 6
days of extinction.
Cocaine locomotor sensitization
Days 1-2 (saline)
There were no differences in locomotion between groups either at baseline or following
the injection on either of the first two days (2-way ANOVA with repeated measures: day 1 group
p=0.3568, no interaction, day 2 group p=0.9189, no interaction).
Days 3-7 (cocaine or saline)
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There were no group differences in locomotion on day 3, 4, or 5 of injections (2-way
ANOVA with repeated measures: day 3 group p=0.6172, significant interaction p<0.0001, day 4
group p=0.1046, significant interaction p<0.0001, day 5 group p=0.0779, significant interaction
p<0.0001). However, on day 6 and 7, D2OE mice showed increased locomotion during the 20th 5minute time bin (5-10mins following injection) (2-way ANOVA with repeated measures: day 6
group p=0.0457, significant interaction p<0.0001, day 7 group p=0.1717, significant interaction
p<0.0001. Post-hoc Bonferroni between cocaine control and cocaine D2OE: day 6 p<0.01 for the
20th 5-minute time bin, day 7 p<0.05 for the 20th 5-minute time bin).
Locomotion measured for 15 minutes post injection across days 1-7
Analysis of locomotion for the first 15 minutes following IP injections across days 1-7
revealed group differences (2-way ANOVA with repeated measures: group p<0.0001, interaction
p<0.0001. Post-hoc Bonferroni between cocaine control and cocaine D2OE: day 14 p<0.05)
(Figure 23C).
Saline injection 6 days post sensitization (day 13)
There were no group differences in locomotion on the 6th day (day 13 total) following the
sensitization period (2-way ANOVA with repeated measures: group p=0.8043, no interaction).
Cocaine injection 7 days post sensitization (day 14)
During the cocaine challenge injection, there were differences in locomotion between
control and D2OE PVT mice during the 20th 5-minute time bin (5-10mins following cocaine
injection) whereby D2OE PVT mice showed decreased locomotion compared to control mice in
response to a cocaine injection (2-way ANOVA with repeated measures: group p=0.9169,
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significant interaction <0.0001, Bonferroni post hoc test: p<0.001 for 20th time bin comparing
cocaine control and cocaine D2OE groups) (Figure 23D).

A

B
Days: 1

2

3

4

5

6

7

13 14

PVT

C

D

Locomotion for 15mins post injection

20000

Cocaine EGFPPVT (8)
Cocaine D2R-OEPVT (8)
Saline EGFPPVT (7)
Saline D2R-OEPVT (7)

8000

*

15000
10000
5000
0

1

2

3

4

5

6

Days

7

Distance (cm)

Distance (cm)

25000

Cocaine challenge

6000
4000
2000
0

13 14

***

30

60

90

120

150

180

Time (min)

Figure 23. Overexpression of D2R in D2R-expressing PVT neurons specifically inhibits cocaine
locomotor sensitization. A) Viral spread of AAV2/1-hSyn-DIO-D2R(L)-IRES-mVenus in all D2ROEPVT mice within the cocaine behavioral experiment overlaid on a single coronal image (1.2 mm
posterior to Bregma). B) Illustration of the cocaine locomotor sensitization behavioral design. C)
D2R-OEPVT mice receiving cocaine injections exhibited decreased locomotion for the first 15
minutes following each injection across the behavioral paradigm when compared to control
EGFPPVT mice receiving cocaine injections (RM ANOVA: Fgroupxday(3,24)=8.6, p<0.0001. Post-hoc
Bonferroni D2R-OEPVT vs EGFPPVT on day 14 *p<0.05, n=7-8/group). D) D2R-OEPVT mice receiving
cocaine injections exhibited decreased locomotion when analyzed over the entire 90 minute
period (RM ANOVA: Fgroupxtime(3,105)=1.82, p<0.0001, Bonferroni post hoc: ***p<0.001 for 20th 5minute time bin for D2R-OEPVT vs EGFPPVT on cocaine, n=7-8/group).
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Anxiety measures following first IP injection (saline)
There were no group differences in time spent in the center of the open field on the 1st
day of injections (2-way ANOVA with repeated measures: p group=0.8043, no interaction) (data
not shown).
Viral targeting
One mouse in each cohort was removed from all data sets since no D2 viral expression
was seen anywhere in any thalamic nuclei in these mice. All other mice were kept in the data set
following histology. Example images from a D2OE PVT animal and a control animal are shown in
Figure 24.

A

B

Figure 24. Representative images of viral targeting in D2OE PVT and control mice. A)
Immunohistochemistry for GFP shows the D2R virus expressed in the PVT with minimal spread
into the medial MD nuclei. B) Immunohistochemistry for GFP shows the control virus expressed
within the PVT with minimal spread into the medial MD nuclei.
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Downregulation of PVT D2R (D2R flx/cre PVT)
Summary table of behavioral findings in D2R flx/cre PVT

Behavior

Outcome

Elevated plus maze

No ∆

Open field

á Anxiety

Fear discrimination

No ∆

Contextual fear

No ∆

Cocaine locomotor sensitization

No ∆ (trend towards á sensitization)

EPM
There was no difference in the time spent in the open arm between mice with
downregulation of PVT D2R and control mice (t-test: p=0.4086) (Figure 25A).
OF

As measured in the first cohort, mice with downregulation of PVT D2R spent significantly

less time in the center of the open field during the 1st 10 mins (t-test: p=0.0141) or 15 mins (ttest: p=0.0381) (Figure 25B). There was no difference in the total distance traveled between
groups (t-test: p=0.2666) (data not shown). While the 2nd cohort was not run in an open field test
for anxiety, there were no differences in the time spent in the center of the open field on the 1st
day of the cocaine locomotor sensitization experiment (t-test for 1st 15 mins: p=0.5904).
However, the lighting was different between the open field test for anxiety and the open field
set up for cocaine locomotor sensitization (higher lux for anxiety set up).
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Figure 25. Downregulation of D2R in D2R-expressing PVT neurons increases anxiety in the open
field. A) There was no difference between groups in terms of time spent in the open arm in the
5-minute elevated plus maze test. B) D2 flx/cre PVT mice spent significantly less time in the center
of the open field during the first 15 minutes of a 1-hour long test.
Fear discrimination
Acquisition
Mice with PVT downregulation of D2R exhibited increased freezing levels only during the
3rd CS+ presentation during acquisition (2-way ANOVA with repeated measures: group p=0.2113,
interaction p=0.0484. Bonferroni post hoc tests: p<0.05 for the 3rd CS+ presentation) (Figure 26A).
Discrimination
There were no differences in fear discrimination or in freezing to the new context
between the two groups (2-way ANOVA with repeated measures: group p=0.7242, no
interaction) (Figure 26B). Mice with PVT downregulation of D2R had a slightly higher level of
freezing to the CS- but this was not significant when comparing freezing to the CS+ minus freezing
to the CS- (t-test: p=0.1552). Therefore, downregulation of PVT D2R led to a small but nonsignificant decreased level of fear discrimination between the two tones.
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Contextual fear expression
There were no differences in freezing upon re-exposure to the context between the two
groups (t-test: p=0.9331) (Figure 26C).
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Control
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Figure 26. Downregulation of D2R in D2R-expressing PVT neurons leads to a small increase in
freezing during acquisition of fear conditioning. A) D2 flx/cre PVT spent more time freezing
during the 3rd CS+ presentation during acquisition when compared to controls. However, PVT
D2R downregulation did not affect fear discrimination or contextual fear expression (B, C).
Cocaine locomotor sensitization
Days 1-2 (saline)
There were no differences in locomotion between groups either at baseline or following
the injection on either of the first two days (2-way ANOVA with repeated measures: day 1 group
p=0.4379, interaction p=0.0370, day 2 group p=0.3984, no interaction).
Days 3-7 (cocaine or saline)
There were no group differences in locomotion on days 3-7 of injections (2-way ANOVA
with repeated measures: day 3 group p=0.4440, no interaction, day 4 group p=0.4748, significant
interaction p=0.0006, day 5 group p=0.4420, significant interaction p<0.0001, day 6 group
p=0.3292, significant interaction p<0.0001, day 7 group p=0.2792, significant interaction
p<0.0001). Bonferroni post hos tests revealed no differences in any 5-minute time bin across days
3-7 when comparing cocaine control and cocaine D2 downregulation groups.
Saline injection 6 days post sensitization
There were no group differences in locomotion on the 6th day (day 13 total) following the
sensitization period (2-way ANOVA with repeated measures: group p=0.5104, no interaction).
Cocaine injection 7 days post sensitization
During the cocaine challenge injection, there were no significant differences in
locomotion between control and D2 downregulation mice (2-way ANOVA with repeated
measures: group p=0.2734, significant interaction <0.0001) (Figure 27A). Bonferroni post hoc
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tests revealed no differences between control and D2 downregulation mice across the 5min time
bins.
Locomotion measured for 30 mins post injection across days 1-7
Analysis of locomotion for the first 30 minutes following IP injections across days 1-7
revealed an effect of group (2-way ANOVA with repeated measures: group p=0.0245, significant
interaction p<0.0001, Bonferroni post hoc tests were not significant between cocaine control and
cocaine D2 flx/cre PVT groups) (Figure 27B).
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Figure 27. Downregulation of D2R in D2R-expressing PVT neurons leads to a trend towards
significance for increased cocaine locomotor sensitization. A) D2 flx/cre PVT mice from the D2
flx/cre PVT cocaine group traveled more distance than control mice from the cocaine group in
response to an IP injection of cocaine administered 7 days after the 5-day injection period.
However, this was not significant. B) Locomotion for the first 30 minutes is plotted across the
first 7 days to illustrate the experimental design.
Anxiety measures following first IP injection (saline)
D2 downregulation mice spent more time in the center of the open field following the
first saline injection (2-way ANOVA with repeated measures: p group=0.1120, significant
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interaction p=0.0002) (Figure 28). Bonferroni post hoc tests revealed these two groups differed
in 5min bins 24 and 34 (p<0.05 for both).
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Figure 28. Downregulation of D2R in D2R-expressing PVT neurons leads to decreased anxiety
in response to the stress of an IP injection. D2 flx/cre PVT mice spent significantly more time in
the center of the open field following an IP injection of saline when compared to control mice.
Viral targeting
No mice were removed from the data from the first cohort since all injections involved
the PVT. In the second cohort, two mice were removed since expression of the Cre virus was not
found within the PVT after immunohistochemistry for Cre. Example images from a D2 flx/cre PVT
animal and a control animal are shown in Figure 29.
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A

B

Figure 29. Representative images of viral targeting in PVT D2R downregulation and control
mice. A) Immunohistochemistry for Cre shows the Cre virus expressed in the PVT with some
spread into the lateral habenula. B) GFP expression shows the control virus expressed within the
PVT with minimal spread into the medial MD nuclei.

Decreasing activity of D2R-expressing PVT neurons with hM4D
Summary table of fear conditioning results
Group Treatment
Acquisition Discrimination

A
B
C
D

All saline
CNO prior to
context
CNO prior to
discrimination
CNO prior to
acquisition

Contextual fear

-No ∆

-No ∆

-No ∆

No ∆

No ∆

No ∆

No ∆

á Discrimination No ∆

Fear discrimination
Acquisition
There were no differences in freezing between any group either at baseline or during
acquisition of the tone-shock pairings (2-way ANOVA with repeated measures: group p=0.7688,
no interaction) (Figure 30B).
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Discrimination
Groups A and B were combined for this analysis since they were treated equally through
this time point and did not differ on any measure statistically. A 2-way repeated measures ANOVA
revealed an interaction (group p=0.1744, interaction p=0.0106) (Figure 30C) and therefore
Bonferroni post hoc tests were conducted. Freezing at baseline (pre) compared to freezing to the
CS+ was lower in group C compared to AB and D (group C p<0.01, group AB and D p<0.001).
Differences in baseline freezing (pre) and the CS- were different between groups. This difference
was not significant for groups C or D but was significant for group AB (p<0.001). Groups also
differed on time spent freezing when comparing the CS+ vs the CS- (AB: p<0.001, C: p>0.05, D:
p<0.001). Additional statistical tests were run to analyze these results further. A comparison of
freezing to the CS+ revealed no significant differences between the groups, despite group C
exhibiting lower levels of freezing (ANOVA p=0.0769). A comparison of freezing to the CS- also
revealed no significant differences between groups (ANOVA p=0.1203). A comparison of the
difference between freezing to the CS+ and the CS- revealed a group difference (ANOVA
p=0.0089). Bonferroni post hoc tests revealed a difference between AB and D (p<0.05) as well as
C and D (p<0.05) while no difference was found between groups AB and C (p>0.05). These
differences were due to the finding that group D (CNO injected 30 mins prior to acquisition of the
tone-shock pairings) had higher levels of freezing to the CS+ and lower levels of freezing to the
CS- (increased discrimination) compared to the other groups.
Contextual fear expression
There were no differences in freezing upon re-exposure to context between any of the
groups (ANOVA: group p=0.9885) (Figure 30D). Contextual fear was generally very low among
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the 4 groups in this experiment. Therefore, statistics were run again after dropping “non-learner”
mice (mice that did not freeze at least 15% of the time during the 5th presentation of the CS+
during acquisition), there were still no differences between groups (ANOVA: group p=0.9451).
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Figure 30. Decreasing activity of D2R-expressing PVT neurons leads to changes in a fear
discrimination task. A) Group design for examining the role of decreasing D2R-expressing PVT
neuronal activity during different time points in the fear conditioning task. B) No differences were
seen in acquisition between the four groups. C) Fear discrimination was enhanced in group D,
where CNO was administered prior to acquisition. Freezing to both the CS+ and CS- was
decreased in group C, where CNO was administered prior to the presentation of the tones, yet
this was not significant. D) Contextual fear expression was low in all groups within this
experiment and no differences were found between groups.
Summary table of cocaine locomotor sensitization results
Group Treatment
Cocaine challenge day

A
B
C
D

CNO during 5d cocaine
CNO during cocaine challenge
CNO during 5d cocaine and
cocaine challenge
Saline at all times

Small á sensitization (not significant)
Small á sensitization (not significant)
Small á sensitization (not significant)
--

Cocaine locomotor sensitization
Days 1-2 (1st and 2nd injections both saline)
There were no differences in locomotion across the first two days (2-way ANOVA with
repeated measures: day 1 group p=0.3785, no interaction, day 2 group p=0.9384, no interaction).
Days 3-7 (1st injection CNO or saline, 2nd cocaine)
There were no group differences in locomotion on days 3-7 of injections (2-way ANOVA
with repeated measures: day 3 group p=0.6825, no interaction, day 4 group p=0.4634, no
interaction, day 5 group p=0.7492, no interaction, day 6 group p=0.5648, no interaction, day 7
group p=0.8358, no interaction). Notably, this also means that CNO did not affect locomotion
prior to the cocaine injection.
6 days post sensitization (1st and 2nd injections both saline)

146

There were no group differences in locomotion on the 6th day (day 13 total) following the
sensitization period (2-way ANOVA with repeated measures: group p=0.8157, no interaction).
7 days post sensitization (1st injection CNO or saline, 2nd cocaine)
During the cocaine challenge injection, there were no significant differences in
locomotion between the 4 groups (2-way ANOVA with repeated measures: group p=0.4702, no
interaction) (Figure 31B).
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Figure 31. Decreasing activity of D2R-expressing PVT neurons leads to small but non-significant
increases in cocaine locomotor sensitization. A) Group design for examining the role of
decreasing D2R-expressing PVT neuronal activity during different time points in the cocaine
locomotor sensitization task. B) The four groups did not differ in distance traveled in response to
the IP cocaine injection 7 days following the 5-day cocaine injection period. C) Locomotion for
the first 30 minutes is plotted across the first 7 days to illustrate the experimental design.
Anxiety measures following an IP injection (saline)
There were no differences in time spent in the center of the open field between the 4
groups on the 3rd day of injections when analyzing locomotion prior to the cocaine injection (1st
day of CNO or saline) (2-way ANOVA with repeated measures: p group=0.5986, no interaction)
(data not shown). The 3rd day was examined for this measure since it was the first day that CNO
was administered.
Viral targeting and issues with the virus
After completion of the behavioral testing for this cohort of mice, we discovered that
many laboratories had been reporting issues with this virus exhibiting non-Cre-dependent
recombination. Immunohistochemistry for dsred (to stain for mCherry) confirmed that this virus
was infecting a large populating of cells in the thalamus that were not restricted to the typical
midline areas where D2R-expressing neurons are limited to more defined anatomical borders.
In addition, two mice were removed from the data set from this experiment after
histology. These were mice that did not show viral expression after immunohistochemistry for
mCherry. In addition, these mice had inconclusive genotyping results for the Cre allele and were
therefore potentially Cre negative mice. An example image illustrating the less restricted
expression of the hM4D virus compared to other Cre-dependent viruses shown throughout each
of the experiments within this thesis is shown in Figure 32.
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Figure 32. Representative image of viral expression in a D2-Cre mouse injected with a Credependent hM4D virus. Note the less restricted expression patter of mCherry compared to the
more restricted patterns of the fluorescently tagged Cre-dependent viruses injected in the PVT
of D2-Cre mice in the anatomical work in chapter 2 as well as within the other behavioral
experiments within this chapter.

DISCUSSION
In this behavioral set of experiments, I aimed to determine the function of D2R in PVT
neurons as well as the function of activity of D2R-expressing PVT neurons. While midline thalamic
D2R downregulation using the Gbx2CreERT conditional mouse line crossed with the D2flx/flx
mouse line revealed small effects in behavioral paradigms measuring anxiety and fear, these
results were inconclusive due to problems with the mouse line. Depending on the result, there
was an effect of genotype or of drug but never an interaction between the two. In the second
experiment, I used a virus to overexpress D2R in D2R-expressing PVT neurons in the D2-Cre
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mouse line. In this model, overexpression of PVT D2R led to decreased cocaine locomotor
sensitization as well as decreased contextual fear expression. In the third experiment, I injected
a Cre virus into the PVT of D2flx/flx mice to downregulate D2R in the midline thalamus. In this
experiment, there were small changes in anxiety measures as well as a trend towards significance
for an increase in cocaine locomotor sensitization. Finally, in the fourth experiment, in D2-Cre
mice injected with a virus carrying hM4D, there was a trend towards significance for an increase
in cocaine locomotor sensitization following decreased activity of D2R-expressing PVT neurons.
Additionally, if activity of D2R-expressing neurons was decreased prior to fear conditioning, mice
exhibited enhanced discrimination between two tones (CS+ and CS-). However, with the hM4D
experiment, histology showed that the viral expression was not entirely restricted in a credependent manner. Therefore, the behavioral results of decreasing activity of D2R-expressing
neurons is inconclusive and requires a repeated experiment with a more specifically Credependent virus.
If the hM4D findings prove replicable with a more restricted Cre-dependent hM4D virus,
they are in agreement with the fear discrimination study which we used to design our
experimental methods (De Bundel et al., 2016). Specifically, De Bundel et al. (2016) found that
D2R in the CeA and BNST was necessary for fear discrimination; blockade of D2R induced fear
generalization while stimulation of D2R enhanced fear discrimination. Within our experiment,
we found that inhibition of D2R-expressing PVT neurons, a manipulation which we hypothesize
may be similar in effect to activation of PVT D2R, led to increased fear discrimination. We also
showed that D2R-expressing PVT neurons send dense projections to both the BNST and CeA
(chapter 2). Therefore, it is plausible that activation of D2R at the level of PVT terminals within
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the BNST and/or CeA may be a mechanism for the findings in De Bundel et al. (2016) since this
group did not establish whether CeA and BNST D2R activation was at the level of the cell bodies
in those regions or at the level of terminals arising from nuclei that target those regions (i.e. PVT
terminals in the CeA and BNST).
In addition, in the hM4D study, silencing D2R-expressing PVT neurons prior to fear
discrimination led to decreased freezing to both the CS+ and the CS-, yet neither result was
significant. This small change in in line with recent work establishing that inhibiting PVT neuronal
activity leads to decreased fear expression to a conditioned tone (CS+) (Do-Monte et al., 2015;
Padilla-Coreano et al., 2012; Penzo et al., 2015). In fact, it is even in agreement with the timedependent findings of these studies since silencing D2R-expressing PVT neurons 24 hours
following conditioning led to decreased freezing to the CS+ and CS-.
In the PVT D2R overexpression experiment, many behaviors were left intact. However,
PVT D2R appeared to play a role in modulating contextual fear expression as well as cocaine
locomotor sensitization. Of these two findings, the changes in cocaine locomotor sensitization
are perhaps the strongest since PVT D2R downregulation produced changes in the opposite
direction, even though these changes were too small to achieve statistical significance.
Implications of these findings, potential mechanistic explanations, and future directions are
explored in chapter 5.
No effects were seen in operant-based tasks in the D2R PVT overexpression experiment,
which was a surprising finding. The PVT projects densely to the NAc, as shown in the experiments
in chapter 2. Additionally, the NAc is heavily involved in operant-based tasks including Pavlovianto-instrumental transfer (PIT), whereby the NAc shell is implicated in specific PIT while the NAc
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core is implicated in general PIT (Corbit & Balleine, 2011). Also, previous studies have established
that activation of the PVT leads to local increases in dopamine in the NAc shell (Parsons et al.,
2007) and dopamine activation in the NAc play a role in the mechanisms underlying PIT (Lex &
Hauber, 2008; Pecina & Berridge, 2013). Therefore, we expected to see a change in PIT after
overexpressing PVT D2R. This negative result may be explored further since PIT performance in
control mice on the first day of testing was poor and this may have affected the overall results.
Other smaller changes in the PVT D2R overexpression experiment were seen in pre-pulse
inhibition (PPI) and should be explored further. In terms of the PPI test, an interesting difference
was found between cohort 1 and cohort 2 of the D2 overexpression groups. In cohort 1, startle
response was significantly elevated while this difference was not seen in cohort 2. One reason
for this might be a difference in viral targeting, since targeting of cohort 1 involved the CM
thalamus in addition to PVT and IMD, while in subsequent cohorts we more specifically targeted
the PVT. In fact, the CM thalamus has been implicated in measurement of PPI but this link
requires further exploration (Angelov, Dietrich, Krauss, & Schwabe, 2014). In addition to this
change in startle response, PPI appeared mildly elevated in PVT D2R overexpression mice. Studies
examining the effects of D2R agonists and antagonists on PPI have reported that systemically
injected D2R agonists decrease PPI while D2R antagonists might increase PPI (for review, see
(Geyer, Krebs-Thomson, Braff, & Swerdlow, 2001)). PVT D2R could play a role in the effects of
these reports on systemic D2R activation. However, our finding is in the opposite direction to
what might be expected from these studies, since we hypothesize that PVT D2R overexpression
might lead to behavioral changes in the same direction as those found with D2R activation.
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Regardless, the link between PVT D2R and PPI measures including the acoustic startle response
should be explored further.
In terms of anxiety, one previous study injected orexin A and orexin B into the PVT and
found that activation of the PVT with this method led to increases in anxiety measures (Y. Li et
al., 2010). Our finding of increased anxiety in the open field of the PVT D2R downregulation
experiment along with our finding that dopaminergic agonists silence D2R-expressing neurons in
the PVT fit with this study. Specifically, based on our electrophysiological study, we hypothesize
that D2R downregulation might render a PVT neuron more active or less reactive to the silencing
effects of dopaminergic release. Similarly, we might expect that D2R overexpression in PVT
neurons might render these neurons more reactive to the silencing effects of dopaminergic
release. This basic theory of D2R effects on PVT activity remains to be established with future
electrophysiology studies, especially at the level of PVT terminals in PVT target regions.
One final interesting finding is that of decreased stress-induced anxiety in the PVT D2R
downregulation experiment. Mice in this experiment spent significantly more time in the center
of the open field in response to an IP injection of saline when compared to control mice. The PVT
is involved in both the acute effects of stress as well as the long-term adaptation to stress and
therefore this finding should be explored further (for review, see (Hsu et al., 2014)).
A caveat to the behavioral findings in this chapter is that the effects of PVT D2R
downregulation did not always produce the opposite effect as PVT D2R overexpression. One
reason for this finding might be that overexpressing D2R in the PVT is an exogenous manipulation
and may not explain illustrate a role for endogenous PVT D2R. Namely, by adding D2R to PVT D2R
neurons, we might be adding on effects that would not otherwise be attributed to PVT D2R.
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Therefore, the behavioral finding which is perhaps most convincing is the one in which D2R
overexpression led to results in the opposite direction to D2R downregulation, despite the nonsignificant D2R downregulation finding. This behavior, cocaine locomotor sensitization, is further
explored in chapter 5.
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CHAPTER 5
GENERAL DISCUSSION

DISCUSSION AND FUTURE DIRECTIONS
In chapter 1, I used anatomical methods to characterize D2R-expressing neurons of the
PVT. First, I established that D2R mRNA and D2R protein is expressed within the PVT. Within the
PVT, I found that 65-70% of PVT neurons express D2R. Since PVT D2R-expressing neurons have
never been characterized, I next studied the distribution of their projections throughout the
brain. I showed particularly dense labeling of fibers in two regions: the NAc and the amygdala.
Within the NAc, labeling was strongest in the medial NAc shell. In addition, within the NAc,
innervation appeared patchy, as has previously been described for PVT innervation of the NAc
(Fujiyama et al., 2006; Parsons et al., 2007; Unzai et al., 2015).
We next asked the question: do D2R-expressing PVT neurons differ in their projections
from non-D2R-expressing PVT neurons? For this question, I used the D2-Cre mouse line and
injected a combination of two viruses within the PVT. These viruses were AAV5-DIO-mCherry
mixed with AAV1-hsyn-FAS-GCaMP6f. Therefore, in these mice, D2R-expressing neurons were
labeled in red while non-D2R-expressing neurons were labeled in green. I found that within the
NAc, non-D2R PVT fibers seemed to congregate more laterally in the NAc core while D2Rexpressing PVT fibers appeared more dense in the medial NAc shell.
After showing that PVT neurons express D2R, I subsequently conducted a series of
experiments to assess whether a dopaminergic innervation to the PVT exists. I first performed
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immunohistochemistry for DAT as well as for TH. There was a notable absence of DAT+ fibers yet
strong innervation from TH+ fibers within the PVT. However, TH is not specific to dopaminergic
neurons and therefore these fibers might originate from noradrenergic regions such as the locus
coeruleus (LC). In fact, previous work has shown that the LC innervates the PVT (Otake &
Ruggiero, 1995). Therefore, TH+ fibers within the PVT does not necessarily suggest that this
region receives a dopaminergic innervation.
The next experiments aimed at determining whether dopaminergic regions innervate the
PVT focused on anterograde viral tracing methods. In DAT-Cre mice, I found that DAT+
dopaminergic neurons within the VTA/SN do not appreciably innervate the PVT. Instead, these
projections innervate the CM and then move laterally, passing through the MD nuclei before
strongly innervating the medial and lateral habenulae. I subsequently assessed whether DAT
negative dopaminergic regions innervate the PVT and midline thalamus, as has been previously
described in the non-human primate (Sanchez-Gonzalez et al., 2005). Using TH-Cre mice, I found
substantial innervation of the PVT arising from regions such as A11 and the posterior
hypothalamic area as well as the PAG. However, more careful characterization of this mouse line
suggested a significant non-overlap between TH and Cre. Instead of labeling only dopaminergic
neurons, this viral approach resulted in labeling of neurons which appeared gabaergic with an in
vitro electrophysiology experiment (data not shown). While it cannot be ruled out that these
gabaergic neurons may also co-release dopamine, we concluded that the TH-Cre line could not
be used to answer this question.
Following these anterograde tracing experiments, we employed a more specific
retrograde tracing experiment using pseudotyped rabies injected in the PVT of the D2-Cre mouse
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line. This experiment revealed which regions throughout the brain innervate the PVT. With these
experiments, we performed immunohistochemistry for TH and examined dopaminergic regions
throughout the brain with confocal microscopy to determine whether there was any co-labeling
between virally infected cells and TH labeling. We found a complete non-overlap between the
pseudotyped rabies and TH. While virally infected cells were present within dopaminergic
regions, they were never in cells expressing TH.
While the combination of these experiments has not established a dopaminergic
innervation to the PVT, we cannot conclude from the combination of our methods that this does
not exist. However, since we were unable to assess this dopaminergic innervation from the
limitations of our methods, we began to question whether D2R-expressing neurons within the
PVT might be modulated at the level of the presynapse in target regions that receive a dense
innervation of dopamine. Specifically, we hypothesized that dopamine might modulate
glutamatergic release from PVT neurons in the amygdala or the NAc. The first experiments
necessary for examining this were anatomical. Therefore, in the final experiment within this
chapter, I injected Cre-dependent viruses carrying two different fluorescent proteins in both the
VTA/SN as well as the PVT in D2-Cre mice. I then examined the overlap between these two sets
of projections in regions of the NAc and amygdala. This final experiment revealed an overlap of
VTA/SN and PVT fibers within the NAc. However, in order to assess how dopamine modulates
PVT neurons at the level of the cell body and/or at the level of the terminals within PVT target
regions such as the NAc, in vitro electrophysiological methods must be employed.
In chapter 3, I conducted a series of experiments to measure the effect of D2R agonists
and antagonists at the level of the D2R-expressing PVT cell body. I demonstrated that bath
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application of the D2R agonist quinpirole inhibited tonic firing in D2R-expressing PVT neurons
and that this effect was reversed by bath application with the D2R antagonist sulpiride in the
presence of quinpirole. I also recapitulated this experiment in PVT neurons overexpressing D2R.
The mechanism by which D2R agonists inhibit tonic firing of PVT neurons remains
unknown. In other thalamic regions, such as the dorsal lateral geniculate nucleus, a region which
has GABAergic interneurons in both the mouse and rat, dopamine has been shown to inhibit relay
neurons and this effect is partially abolished by bicuculline (Albrecht, Quaschling, Zippel, &
Davidowa, 1996; Zhao, Kerscher, Eysel, & Funke, 2002). Furthermore, quinpirole causes an
increase in spontaneous IPSCs in relay neurons within this region and this effect is blocked by
sulpiride. As illustrated by recordings from GAD67+ interneurons in this region, quinpirole
induced a depolarization of these cells, which was significantly decreased by sulpiride (Munsch,
Yanagawa, Obata, & Pape, 2005). However, the midline thalamus is devoid of interneurons (O. P.
Ottersen & Storm-Mathisen, 1984) (Figure 2H). What then can be the mechanism for the effects
of D2R agonists and antagonists in this region?
It is possible that D2R agonists inhibit tonic firing in PVT D2R neurons via activation of
GIRK channels. The PVT expresses GIRK channels and these channels have been shown to
contribute to the resting membrane potential of PVT neurons (Hermes et al., 2013; Zhang et al.,
2013). In addition, bath application of GIRK channel blockers to PVT neurons resulted in inward
currents (Zhang et al., 2013). Furthermore, several types of receptors within the PVT (TRH, muopioid, a2-adrenoreceptor) are known to mediate their effects via increasing or decreasing GIRK
currents (for review, see (Kolaj et al., 2014)). Whether D2R agonists directly activate GIRK
channels in PVT neurons remains to be tested.
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At the level of the cell body, my work has demonstrated an effect of D2R agonists and
antagonists on tonic firing in D2R-expressing PVT neurons. However, this work has not assessed
the effect of these dopaminergic reagents on PVT neurons which are more hyperpolarized.
Future work should also focus on PVT-D2R neurons exhibiting this activity mode. Specifically, the
effect of quinpirole and sulpiride on burst firing as well as on the LTS needs to be determined for
D2R-expressing PVT neurons for both the depolarized as well as the hyperpolarized activity
states.
The majority of the experiments within chapter 2 were focused at the level of the PVT cell
bodies. However, I also conducted a small preliminary study to examine the presynaptic effects
of quinpirole and sulpiride on glutamatergic release from D2R-PVT neurons within the medial
NAc shell. Quinpirole appeared to enhance glutamatergic release from PVT terminals and this
effect was reversed with sulpiride. If this finding is repeatable, the effects of D2R activation at
the level of PVT terminals would be in contrast to the expected inhibitory effect of D2R activation.
Finally, in chapter 3, I conducted a series of behavioral experiments designed to assess
the role of PVT D2R in behavior. PVT D2R appeared to play a role in modulating contextual fear
expression as well as cocaine locomotor sensitization. These anatomical and behavioral findings
are integrated together in the summary figure below (Figure 33).
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Figure 33. Integration of findings toward a possible mechanism. Above: a brain schematic
illustrating the anatomical findings described in chapter 2. Below: a closer look at two synapses
which may be most heavily involved in the two main behavioral findings of the PVT D2R
overexpression experiments. We hypothesize that D2R overexpression in D2R-expressing PVT
neurons may decrease glutamatergic release at the level of PVT terminals. This decrease in
glutamatergic release at PVTàNAc synapses and PVTàamygdala synapses may be responsible
for the attenuated cocaine locomotor sensitization and contextual fear expression, respectively.
The finding that PVT D2R plays a role in cocaine locomotor sensitization is in agreement
with a previous study examining the role of the PVT in cocaine locomotor sensitization. In this
study, PVT lesions in rats inhibited cocaine locomotor sensitization (Young & Deutch, 1998). In
addition, lesions of the mPFC, amygdala, and hippocampal fibers within the fornix, three regions
which send glutamatergic projections to the NAc shell, also affect the acquisition or expression
of sensitization (Post et al., 1988; Wolf et al., 1995). Therefore, it is perhaps not unexpected that
PVT D2R overexpression led to inhibition of cocaine locomotor sensitization since we hypothesize
that this manipulation might lead to decreased activity of the PVT glutamatergic projections to
regions such as the NAc.
Future behavioral experiments must focus on a circuit dissection of the findings within
chapter 3. This could be achieved either optogenetically or chemogenetically in order to
specifically target PVT projections to either the NAc, amygdala, or BNST in both contextual fear
and cocaine locomotor sensitization. The advantage of these methods is that they will also
provide information for a temporal dissection of the behaviors. Specifically, with the methods
employed in chapter 3, PVT D2R was permanently up- or down-regulated. Therefore, the role of
PVT D2R in each stage of fear conditioning and cocaine locomotor sensitization could not be
assessed. Both of these behaviors are complex and involve several separate temporal stages
including initiation, consolidation, and expression. Therefore, a temporal dissection is necessary.
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Similarly, the role of PVT D2R during development has not been assessed in the current
body of work. Once the role of PVT D2R during adulthood is firmly established, experiments
should be directed toward assessing the developmental role of PVT D2R in each of these
behaviors. This work should begin with an anatomical and electrophysiologcal characterization
similar to the adult experiments in chapters 2 and 3.
Stimulation of PVT fibers result in local increases in dopamine within the NAc (Parsons et
al., 2007). The role of PVT D2R should be examined in this finding with fast scan cyclic
voltammetry in the presence of both up- and down-regulated PVT D2R. Once this mechanism has
been determined, it may inform the mechanism by which PVT D2R modulates each of the two
behaviors affected.
A critical future experiment is to examine the electrophysiological changes within NAc
shell medium spiny neurons (MSNs) following cocaine locomotor sensitization. The role of PVT
D2R in the formation and maturation of silent synapses should be assessed at this time in both
D1 and D2 MSNs. Silent synapses have been implicated in the mechanism underlying cocaine
locomotor sensitization (see chapter 1).
Decreasing activity of D2R-expressing PVT neurons with hM4D prior to fear conditioning
led to enhanced discrimination. This is in agreement with previous work that showed that D2R in
both the BNST and CeA, two important target regions of the PVT, are necessary for fear
discrimination. Additionally, quinpirole infused into the CeA or BNST during a protocol designed
to induce fear generalization resulted in fear discrimination (De Bundel et al., 2016). Since
silencing D2R-expressing PVT neurons with hM4D led to a similar result compared to local
administration of quinpirole in two target regions of the PVT, this finding suggests that D2
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agonists might decrease activity of PVT terminals when injected in the CeA or BNST. This decrease
in activity might be one mechanism by which fear discrimination can be enhanced. However, due
to the limitations of the hM4D virus used in the current study, future experiments are necessary
before any conclusion is drawn for this behavioral finding.
In summary, the current body of work suggests a critical involvement of a previously
overlooked group of D2R-expressing neurons in the regulation of contextual fear and cocaine
locomotor sensitization. The main findings described in chapters 2, 3, and 4 should guide future
work in elucidating the mechanisms by which PVT D2R affects these behaviors.
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