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Abstract 
 
 
Title of Dissertation: Discovery of a thalamic integrator for action reinforcement 

Kara K. Cover, Doctor of Philosophy, 2020 

Dissertation Directed by: Brian N. Mathur, Ph.D., Associate Professor,  

     Department of Pharmacology 

 

The pursuit and acquisition of rewards is essential for survival. The input nucleus 

of the basal ganglia, the striatum, facilitates the selection, execution, and reinforcement of 

reward obtaining actions. The contributions of excitatory input from cortical regions and 

the influence of dopaminergic signaling on corticostriatal synapses to these vital 

functions has been studied extensively. A relative underappreciation for thalamic 

contributions to striatal signaling has consequently excluded this major excitatory input 

from basal ganglia models of action selection and reinforcement. I investigated the 

contributions of the rostral intralaminar thalamic nuclei to striatal-mediated action 

sequence performance using a combination of ex vivo physiological and in vivo 

behavioral assays. In the present dissertation, I characterize mechanisms by which this 

thalamic projection interacts with striatal neuronal populations and modulates 

dopaminergic signaling to sculpt output activity. I further identify that the rostral 

intralaminar nuclei causally contribute to action execution in the pursuit of rewards. This 

work serves to further understanding of how thalamic inputs participate in action 

selection and reinforcement. 
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Chapter I: Introduction 

The purpose of this introduction is to review the existent literature on the 

mammalian rostral intralaminar nuclei (rILN) of the thalamus. In contrasting the 

anatomical connectivity, physiology, and behavioral functions of the rILN with that of 

the thalamic sensory relay and posterior intralaminar nuclei, I identify key properties that 

position the rILN to uniquely contribute to striatal signaling and associated behaviors. 

The present dissertation endeavors to physiologically and behaviorally characterize the 

overlooked rILN projection to the striatum. Together, these experiments serve to test the 

hypothesis that the rILNdorsal striatal projection contributes to goal-directed behavior. 

1.1 Thalamic Anatomy 

Organization of the thalamus 

The mammalian thalamus is parcellated into 35-60 recognized nuclei defined by 

cytoarchitecture and connectivity (Jones, 2007). Examination of afferent and efferent 

connections reveals several organizational themes among the nuclei. The first, and 

perhaps most studied, grouping is the first-order sensory relay nuclei. These regions 

receive inputs from discrete subcortical sensory systems and faithfully transmit 

information to the corresponding primary sensory cortical region through direct 

glutamatergic synapses. The lateral geniculate nucleus, for example, relays visual 

information from the retina to the primary visual cortex.  

A second class of thalamic nuclei are referred to as higher-order association 

nuclei. These relay nuclei are noted for being innervated by a primary sensory cortical 

area and, in turn, project to the corresponding secondary sensory cortices. A primary 
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target of the visual cortex is the thalamic pulvinar nucleus which in turn innervates 

secondary visual cortical areas. This cortico-thalamo-cortical (or trans-thalamic) pathway 

facilitates spatial attention through synchronization of visual cortical regions (Saalmann 

et al., 2012). Other proposals for the function of trans-thalamic pathways suggest roles in 

entraining otherwise isolated cortical regions, providing efference copies to subcortical 

systems, or serving as a coincidence detector for parallel cortico-cortical signaling 

(Sherman, 2016).  

All thalamic nuclei are composed of glutamatergic projection neurons and 

sparsely present calretinin, calbindin, or parvalbumin -expressing inhibitory interneurons, 

although this latter population is inconsistently reported in rodents (Arai et al., 1994; 

Chen et al., 2020; Jones, 2007). The reticular nucleus, however, is an exception. 

Enveloping the lateral boundary of the thalamus, this GABAergic cellular group receives 

axon collaterals from passing thalamo-cortical and cortico-thalamic projections and 

innervates nearly all thalamic nuclei. These circuits enable feedforward and feedback 

inhibitory circuits to modulate output thalamic and input cortical signaling, as well as 

exert lateral inhibition across otherwise disconnected thalamic nuclei with limited 

inhibitory microcircuitry (Crabtree, 2018). 

The intralaminar nuclei of the thalamus 

The final group of thalamic nuclei are located on the midline or nestled within the 

internal medullary lamina. This grouping is referred to as the “non-specific” thalamus for 

the long-held but now challenged view that these nuclei globally activate the cortex 

(Groenewegen & Berendse, 1994). Midline -located nuclei consist of the paraventricular, 

intermediodorsal, paratenial, reuniens, rhomboid, and subfascicular nuclei (Jones, 2007). 
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The medullary lamina splits towards the caudal end, containing the parafascicular nucleus 

(Pf), and more laterally, the centré median nucleus (referred to here as CeM). The 

boundary distinguishing these two nuclei is undetectable in rodents and other smaller 

mammals; thus, the posterior intralaminar nuclei are referred to solely as the Pf in these 

species with the consideration that the lateral component of this nucleus is homologous to 

the CeM (Fig. 1.1) (Jones, 2007). 

Located anteriorly within the lamina are the rILN: the central lateral (CL), 

paracentral (PC), and central medial (CM) nuclei. In the rodent, these three nuclei are 

parceled from a continuous band spanning from the midline, curving around the 

ventrolateral boundary of the mediodorsal nucleus and terminating ventral to the 

hippocampal dentate gyrus and lateral to the lateral habenula (Fig. 1.1) (Franklin & 

Paxinos, 2008). Delineating the boundaries of the PC is difficult and the nucleus is 

usually defined by the more flattened appearance of cells in a much thinner span 

compared to the adjacent medially located CM and dorsally positioned CL. This general 

structure is preserved in the cat but disrupted and discontinuous in the primate (Jones, 

2007). Consequently, the relatively few in vivo studies in monkeys target the more 

accessible CL nucleus.  
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Figure 1.1. The mouse intralaminar thalamus. Left: A coronal perspective of the 
rostrally positioned central medial (CM), paracentral (PC), and central lateral (CL) 
thalamic nuclei (purple). Right: The parafascicular (Pf) nucleus (blue) is located more 
caudally in the thalamus. Arrows indicate orientation of dorsal (D), lateral (L), and 
anterior (A) planes. 
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Anatomical connectivity of the intralaminar nuclei 

Like the relay thalamic nuclei, the rILN and Pf are composed of glutamatergic 

projection neurons. A notable difference, however, is the breadth of afferents that span 

sensory, motor, and limbic modalities. The rILN and Pf are predominately innervated by 

subcortical afferents. Major excitatory afferents include the superior colliculus, 

hypothalamic supramammillary nucleus, reticular formation, parabrachial nucleus, and 

deep cerebellar nuclei, as well as several first- and higher- order thalamic nuclei (Krout et 

al., 2001; Krout & Loewy, 2000; Krout et al., 2002). The Pf also receives cortical input 

from frontal and parietal regions (Cornwall & Phillipson, 1988). In contrast, the rILN is 

innervated by a wider range of cortical regions including cingulate, retrosplenial, parietal, 

insula, prefrontal, somatosensory, supplementary motor, auditory, and visual cortices 

(Prasad et al., 2020; Van der Werf et al., 2002).  

Inhibitory inputs to the intralaminar nuclei arise from the substantia nigra pars 

reticulata, habenula, zona incerta, and thalamic reticular nucleus (Rizzi & Tan, 2019; Van 

der Werf et al., 2002). Additionally, the primate CeM, but not rILN, receives an 

inhibitory projection from the internal segment of the globus pallidus (Hazrati & Parent, 

1991; Kuo & Carpenter, 1973), whereas the rILN receives a projection from the external 

segment of the globus pallidus (Carter & Fibiger, 1978). Another difference between the 

two sets of intralaminar nuclei is the presence of an inhibitory projection arising from the 

central amygdala that selectively targets the Pf (Zhu et al., 2019), whereas the rILN 

receives a modest, most likely glutamatergic, input from the basolateral amygdala 

(Krettek & Price, 1977). 
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The rILN and Pf are also innervated by a range of modulatory inputs including the 

periaqueductal grey, cholinergic pontine and tegmental nuclei, noradrenergic locus 

coeruleus, and serotonergic raphe nuclei (Huerta-Ocampo et al., 2020; Van der Werf et 

al., 2002). Accordingly, this group is enriched in metabotropic receptors as compared to 

the thalamic relay neurons (Phillips et al., 2019). Together, this compilation of 

anatomically, neurochemically, and functionally diverse inputs endows the intralaminar 

nuclei as distinct integration centers. 

Examination of rILN efferents reveals a pattern of projections distinct from that of 

both thalamic relay neurons and the Pf. Whereas the relay nuclei generally target 

restricted cortical regions related to a specific sensory or functional modality, the rILN 

defies functional boundaries and innervates widely. Nucleus-specific investigation 

reveals discrete innervation patterns between the three rILN nuclei (Fig. 1.2). 

Collectively, these nuclei send excitatory projections to cingulate, agranular insula, 

lateral orbital, parietal, retrosplenial, entorhinal, frontal eye fields, gustatory, visceral, 

auditory, visual, motor, and somatosensory cortices (Berendse & Groenewegen, 1991; 

Van der Werf et al., 2002; Yanagihara et al., 1987). Also notable are the specific cortical 

layers innervated by the rILN. First-order thalamic relay axons terminate in middle 

cortical layers whereas higher-order nuclei innervate superficial layers; an arrangement 

that has been proposed to promote oscillatory cortical activity or provide coincidence 

detection (Jones, 2001). In contrast, rILN projections terminate in superficial (I), middle 

(III), and deep (V) cortical layers (Unzai et al., 2017; Van der Werf et al., 2002). Whereas 

the functional significance of this innervation pattern is unknown, one may postulate that 

this arrangement enables robust and coordinated activation of targeted cortical columns. 
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In agreement, high frequency rILN stimulation induces c-fos expression spanning cortical 

layers II though VI (Shirvalkar et al., 2006). 

In contrast to the rILN, the Pf weakly projects to a limited number of cortical 

regions. Cortical targets include the primary motor and somatosensory, and secondary 

motor cortices, whereas sparser projections terminate in limbic areas including the dorsal 

prelimbic, cingulate, medial agranular, and parahippocampal cortices (Van der Werf et 

al., 2002). 
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Figure 1.2. Comparative anatomical connectivity of the rodent CM and CL intralaminar 
nuclei. Afferent inputs (left) and efferent outputs (right) for the CM (top; purple) and CL 
(bottom; purple) nuclei. Bolded text indicates notably denser or exclusive projections as 
compared between the two thalamic nuclei. Italicized text denotes sparse projection innervation. 
Figure created with BioRender.com. Connectivity derived from: Barthó et al., 2002; Beckstead, 
1979; Carter & Fibiger, 1978; Huerta-Ocampo et al., 2020; Ichinohe et al., 2000; Krettek & Price, 
1977; Krout & Loewy, 2000; Krout et al., 2002; Prasad et al., 2020; Rizzi & Tan, 2019; Van der 
Werf et al., 2002; Vertes et al., 2012; Wang et al., 1999; Wise & Jones, 1977. LDT: laterodorsal 
tegmental nucleus; PAG: periaqueductal gray; PPN: pedunculopontine nucleus; SUM: 
supramammillary nucleus; I: primary cortex; II: secondary cortex. 
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The intralaminar nuclei also differ from the thalamic relay nuclei in their 

innervation of subcortical regions. In particular, these nuclei densely innervate the 

striatum. Between the three rostral nuclei, the rILN projects to the entirety of the striatum 

(Van der Werf et al., 2002). Projections are loosely topographically organized with the 

laterally positioned CL most densely innervating the dorsal lateral striatum (DLS) and the 

medially located CM targeting the dorsal medial striatum (DMS). Although the nucleus 

accumbens receives denser input from adjacent midline thalamic nuclei (i.e. the 

paraventricular and intermediodorsal nuclei), both the CM and PC innervate this ventral 

region as well (Van der Werf et al., 2002). The caudally-lying Pf, in comparison, 

innervates the striatum more densely. Whereas projections generally span the majority of 

the striatum, the Pf more strongly innervates the lateral striatum and nucleus accumbens 

(Sadikot et al., 1992; Van der Werf et al., 2002). 

Together, the Pf and rILN provide the majority of excitatory thalamic input to the 

striatum. Due to the relatively stronger innervation of the striatum by the Pf and its easier 

accessibility in primate and rodent models, most research has been devoted to 

characterizing the role of this caudal projection on striatal function and behavior. 

Conversely, the rILN’s extensive connectivity with the cortex has biased the focus of 

studies on these rostral nuclei to their cortical projections. From this research, however, 

has emerged a range of functions supported by rILN signaling. These findings encompass 

consciousness, sensory-related attention, pain, cognition, and motor control, and are 

briefly reviewed here. 
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1.2 Neural functions and behaviors facilitated by the rILN 

Consciousness and arousal 

Heavily innervated by the reticular formation, the rILN was historically 

considered to serve as a continuation of the ascending reticular activating system 

(ARAS), the series of brainstem-located nuclei responsible for regulating sleep-wake 

cycles. rILN neuronal activity shifts from tonic to burst firing in the transition from sleep 

to wake states (Glenn & Steriade, 1982) and burst fires in synchrony with cortical slow-

wave activity (Lacey et al., 2007). Correspondingly, electrical stimulation of the rILN 

induces a so-called “recruiting response” of slow wave activity that spans much of the 

cortex (Morison & Dempsey, 1941). Although similar responses may also be evoked 

through stimulation of various higher-order thalamic neurons, the rILN continues to serve 

as a target in clinical applications. rILN damage is associated with cognitive impairment 

and disorders of consciousness (Schiff, 2008). Deep brain stimulation targeting this 

region demonstrates therapeutic efficacy in patients in chronic minimally conscious states 

(Giacino et al., 2012; Schiff et al., 2007). In examination of the mechanisms mediating 

consciousness, rILN activation that accompanies sleep to wake transitions increases 

cortical deep layer firing rates in the lateral intraparietal area and modulates synchrony 

between this region and the frontal eye field (Redinbaugh et al., 2020). Thus, these nuclei 

promote arousal through widespread coordinated cortical activation. 

Sensory-related attention 

The involvement of the rILN in arousal naturally extends to attentional processes. 

Abnormal rILN connectivity with ARAS-regulating brainstem structures correlates with 

deficits in visuospatial attention (González et al., 2019). Visual or somatosensory -cued 
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transitions from relaxed to attention-demanding states correspond to increased ILN 

activity (Kinomura et al., 1996). Unilateral rILN lesions commonly result in contralateral 

visual neglect (Orem et al., 1973) and bilateral lesions produce deficits in spatial 

orientation (Jeljeli et al., 2000). Correspondingly, ILN stimulation induces eye movement 

and improves perception during visual orientation (Hunsperger & Roman, 1976).  

The rILN receives glutamatergic input from the intermediate and deep layers of 

the superior colliculus (Krout et al., 2001), providing a source for multimodal sensory 

information (Stein & Meredith, 1993). Accordingly, rILN responses are not limited to 

visual stimuli. These nuclei also fire in response to tone (Sanford et al., 1992) and touch 

(Grunwerg & Krauthamer, 1992). Given the presence of dedicated thalamocortical relay 

circuits for processing specific sensory modalities, it is unlikely that the rILN directly 

contributes to sensory perception. Rather, these thalamic nuclei are hypothesized to 

facilitate attentional engagement of sensory events (Groenewegen & Berendse, 1994). 

One function for such a role is to prepare for motor responding. Indeed, rILN firing 

associated with self-initiated and visually-cued eye movements commences prior to the 

movement (Schlag-Rey & Schlag, 1984). rILN neurons rarely encode sensory cues 

without also exhibiting saccade-related activity (Wyder et al., 2003), suggesting that this 

region may participate in the transformation of sensory signals into motor commands. 

Alternatively, saccade-related rILN activity may serve to facilitate visuospatial awareness 

by priming cortical areas for processing new information post- saccade (Purpura & 

Schiff, 1997). Given that the rILN innervates brain regions mediating saccade initiation 

(frontal eye fields), working memory (prefrontal cortex), and attention (posterior parietal 
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cortex), these thalamic nuclei may govern multiple functions supporting perceptual 

attention. 

Pain 

In addition to sensory-evoked activity, rILN neurons fire in response to a range of 

noxious stimuli with large receptive fields (Deng et al., 2020; Zhang & Zhao, 2010). 

Connectivity with both brainstem and limbic structures positions this thalamic region to 

participate in pain processing. Several afferents are proposed to relay pain information to 

the rILN including the glutamatergic ventrolateral periaqueductal gray (Sun et al., 2020) 

and ipsilateral spinoparabrachial pathway (Deng et al., 2020). Additionally, the rILN is 

directly innervated by the spinal cord (Wang et al., 1999) and trigeminal nerve efferents 

(Sato et al., 2020). Chemically inhibiting the rILN alleviates behavioral responses to 

mechanical allodynia (Sun et al., 2020), as does local activation of 5-HT1A/7 receptors 

reduce response to tail shock (Harte et al., 2005).  

The rILN is hypothesized to mediate the emotional and motivational aspects of 

pain (Sewards & Sewards, 2002) and may potentially do so through its projections to the 

basolateral and central amygdala (Deng et al., 2020; Sun et al., 2020; Vertes et al., 2012). 

Moreover, μ-opioid receptors are highly expressed in the rILN (Mansour et al., 1994). 

Receptor activation hyperpolarizes rILN neurons and shifts activity from tonic to 

constrained burst firing (Brunton & Charpak, 1998), providing a pharmacological target 

for modulating pain response. Lastly, morphine administration induces greater c-fos 

expression in the male rILN (D’Souza et al., 1999). Although the behavioral significance 

of this finding requires further study, it may implicate the rILN in mediating sex 
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differences observed in endogenous and μ-opioid activated analgesia (Wiesenfeld-Hallin, 

2005). 

Cognition 

The high connectivity of rILN with brain structures comprising the limbic system 

enables these nuclei to influence cognition and affect (Vertes et al., 2015; Yanagihara et 

al., 1987). Lesioning the rILN produces impairments in delayed conditional 

discrimination (Mair et al., 1998), working memory (Mair & Hembrook, 2008; Mitchell 

& Dalrymple-Alford, 2006) and remote spatial memory (Lopez et al., 2009). 

Accordingly, rILN activation enhances cognitive processes. Pharmacological or electrical 

rILN stimulation improves working memory (Mair & Hembrook, 2008). High frequency 

stimulation increases recognition memory performance and induces transcription of 

zif268, an immediate early gene upregulated during long-term potentiation, in the 

anterior cingulate cortex and hippocampal dentate gyrus (Shirvalkar et al., 2006). The 

rILN is also susceptible to pathology in cognitive disorders. Alpha-synuclein deposits 

form in rILN neurons in individuals with Parkinson’s disease or Dementia with Lewy 

Body (Brooks & Halliday, 2009). The functional consequence of this pathology is 

unclear. However, rILN pathology may contribute to cognitive impairment: in a beta-

amyloid model of Alzheimer’s disease, rILN stimulation rescues both spatial memory 

deficits and dendritic regression in the prefrontal cortex (PFC) and hippocampus (Tsai et 

al., 2020). 

Action execution 

Anatomically, the rILN is well positioned to influence motor function. These 

nuclei are innervated by motor centers including the reticular formation and cortical 
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supplementary motor area and, in turn, project to the primary motor cortex and striatum. 

High frequency rILN stimulation produces increases in locomotion (Shirvalkar et al., 

2006). Conversely, lesions result in delayed initiation of goal-directed actions (Burk & 

Mair, 2001) and impaired motor coordination (Jeljeli et al., 2000), whereas optogenetic 

inhibition produces locomotor cessation (Giber et al., 2015). rILN innervation of the 

striatum is specifically implicated in a range of motor and action -related functions. The 

rILN relays excitatory signaling arising from the cerebellar dentate nucleus to the 

striatum (Chen et al., 2014) and contributes to motor coordination (Sakayori et al., 2019). 

Virally lesioning striatally projecting rILN neurons induces deficits in flexibility and 

attentional set shifting between learned actions (Kato et al., 2018). These latter studies 

provide a notable and relatively rare consideration for the rILN-to-striatum projection in 

behavior. 

A role for the rILN in basal ganglia function? 

The majority of the above reviewed work assessing rILN function place findings 

in the context of rILN excitatory drive on cortical efferents. Indeed, rILN thalamocortical 

circuits likely contribute to functions of arousal, sensory attention, pain response, 

cognition, and action execution. However, the basal ganglia may also participate in many 

of these functions. Basal ganglia signaling is canonically attributed to the selection, 

execution, and reinforcement of actions. Recent work, however, implicates this system in 

an expanded range of functions including perceptual decision making (Wang et al., 

2018), visual attention (Wang & Krauzlis, 2020), emotional processing (Drummond & 

Chen, 2020), cognitive flexibility (Aumont et al., 2019), and value encoding (Amita et 

al., 2020).  



15 
 

Revisiting rILN-associated functions with this basal ganglia-centric perspective, 

one may consider how arousal, sensory and pain -evoked behavioral responses, executive 

function, and motor control may serve as contributors to, or outcomes of, basal ganglia 

processing. For instance, rILN-relayed pain signals may guide the reinforcement of 

actions directed toward pain avoidance. Similarly, the rILN may convey salient sensory 

cues to drive behavioral responses for reward acquisition. rILN-mediated heightened 

arousal states may also facilitate successful execution of demanding tasks.  

Furthermore, examination of thalamocortical and thalamostriatal projections 

reveals that the rILN innervates striatal areas that are also targeted by cortical regions by 

which the rILN also directly innervates and/or receives cortico-thalamic projections 

(Hunnicutt et al., 2016; Sadikot et al., 1992). These connectivity patterns may serve to 

synchronize or entrain thalamic and cortical components of functional systems (i.e. 

motor, limbic, or sensory) and further implicate the rILNstriatal projection as a 

potentially significant contributor to basal ganglia function. Critically missing from these 

postulations, however, is knowledge of how rILN projections to the striatum influence 

basal ganglia function to mediate such behaviors.  

 

1.3 Striatal Physiology and Function 

The striatum: input nucleus of the basal ganglia 

The striatum receives a convergence of excitatory cortical and thalamic 

projections as well as modulatory inputs to sculpt output signaling driven by medium 

spiny neurons (MSNs). MSNs are typically quiescent and require this extrinsic input to 

fire (Jiang & North, 1991; Wilson & Groves, 1981). These inhibitory MSN output 
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projections begin two anatomically and functionally distinct pathways to distinct 

downstream basal ganglia nuclei. Coordinated activity of these output pathways governs 

action expression. The dopamine D1 receptor -expressing MSN (D1-MSN) “direct” 

pathway disinhibits basal ganglia efferents to promote action execution. The dopamine 

D2 receptor -expressing MSN (D2-MSN) “indirect” pathway enforces basal ganglia 

efferent inhibition to suppress competing actions (Gerfen & Surmeier, 2011; Mink, 

1996). Acting in concert, these striatal-driven pathways facilitate the fluid initiation and 

execution of appropriate actions (Cui et al., 2013; Tecuapetla et al., 2016).  

Action learning 

The striatum is the epicenter for two critical functions linked to action expression: 

action learning and reward learning. Learning motor skills, such as tying one’s shoelaces, 

requires striatal signaling centered in the DMS (or primate anterior caudate) that shifts to 

the DLS (or primate lateral putamen) upon mastery and automatization of the task 

(Knowlton et al., 1996; Miyachi et al., 1997; Yin et al., 2009). These striatal subregions 

govern other aspects of learning and action execution. For example, action selection that 

is responsive to the outcome (i.e. goal-directed behavior) is governed by the DMS, 

whereas the DLS promotes actions that are driven by a conditioned stimulus and are 

insensitive to outcome (Yin & Knowlton, 2006). The transition of an action encoded by 

the DMS to the DLS is indicative of habit formation. The dorsal striatum also mediates 

cognitive learning strategies to inform action selection, with the DMS facilitating place 

learning and the DLS enabling response learning (Devan et al., 1999; Devan & White, 

1999).  
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Despite these striking differences in function, D1- and D2- MSN distribution does 

not differ between the DMS and DLS (Gangarossa et al., 2013). Rather, these striatal 

subregions are innervated by distinct cortical inputs. Projections arising from prefrontal 

and parietal cortices innervate the DMS, whereas sensorimotor areas project to the DLS 

(Voorn et al., 2004). This difference in corticostriatal input determines subregion-specific 

neuronal activity and behavior (Thorn et al., 2010; Yin & Knowlton, 2006). Therefore, 

excitatory thalamic projections may also drive striatally based behavior. Investigation of 

thalamic nuclei-specific signaling on striatal signaling is limited, however. Comparison 

of Pf and CL synapses on striatal MSNs reveals differences. CL terminals form axo-

spinous synapses (Raju et al., 2006) that induce large facilitative AMPA receptor -

mediated responses. Pf axons, in contrast, synapse on MSN dendritic shafts and induce 

relatively weaker NMDA receptor-mediated responses characteristic of a more 

modulatory influence on MSN signaling (Ellender et al., 2013; Lacey et al., 2007). 

Inhibiting PfDS terminal activity delays action initiation (Díaz-Hernández et al., 2018), 

however, demonstrating that this reportedly modulatory input has an observable impact 

on action execution. Given that the CL more strongly potentiates striatal MSNs, this 

projection stands to govern basal ganglia-driven behavior. Accordingly, ablation of this 

input degrades flexibility between learned actions (Kato et al., 2018). The extent of rILN 

influence on striatal physiology and associated behavior is unknown, however, as 

projections arising from the CM and PC have not been studied. Given that these latter 

nuclei more densely innervate the DMS, this source of excitatory input stands to 

contribute to DMS-localized goal-directed behavior. 

Reinforcement learning 
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A second key function mediated by the striatum is reward or reinforcement 

learning. This process describes the learning of outcomes to promote the future selection 

of beneficial actions (Redgrave et al., 2016). MSNs are shown to encode action outcome 

and reward value (Hori et al., 2009; Nonomura et al., 2018), although the circuits 

contributing to this encoding are not known. Midbrain dopamine signaling to the 

striatum, however, is essential to reinforcement learning. Projections arising from the 

substantia nigra pars compacta and ventral tegmental area innervate the dorsal striatum 

and nucleus accumbens, respectively (Björklund & Dunnett, 2007). During reinforcement 

learning, dopamine neuron firing shifts from reward presentation to reward-associated 

cues and will alter firing in response to unexpected reward presentation or omission (Pan 

et al., 2005; Schultz et al., 1997). This latter activity is referred to as a reward prediction 

error and functions to signal changes in action outcome to promote cue-reward learning 

(Steinberg et al., 2013). Moreover, inhibiting striatal dopamine signaling suppresses 

behavioral reinforcement (Mogenson et al., 1979). As a modulator, dopamine regulates 

the excitability of MSNs. Activation of GS-coupled D1 receptors enhances D1-MSN 

response to glutamate, whereas GO-coupled D2 receptor signaling decreases D2-MSN 

response to glutamate (Gerfen & Surmeier, 2011). Thus, dopamine provides a means to 

differentially modulate striatal output pathways. 

Striatal dopamine dynamics 

Striatal dopamine signaling is not limited to reward learning. Dopaminergic nigral 

cells selectively fire at the start and/or end of action sequences (Jin & Costa, 2010), are 

engaged in action timing (Fan et al., 2012), and nigrostriatal terminal activity correlates 

to changes in movement velocity (Howe & Dombeck, 2016). Dopamine modulates MSN 
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signaling to motivate the initiation of actions (Carvalho Poyraz et al., 2016). This 

relationship between dorsal striatal dopamine signaling and movement is not surprising, 

given the pronounced motor deficits observed in dopamine-depleted states such as 

Parkinson’s disease (Jankovic, 2008). Thus, striatal dopamine signaling plays integral 

roles in both action execution and reinforcement, underscoring the necessity of this 

neurotransmitter in goal-directed behavior. 

Technical approaches that monitor dopamine release or terminal activity have 

further observed that dopamine signaling ramps as a function of reward proximity and 

magnitude (Hamid et al., 2016; Howe et al., 2013; Mohebi et al., 2019). These findings 

are incongruous with dopamine cell body firing patterns, however. How may dopamine 

release occur independently of somatically generated action potentials? The discovery of 

a non-canonical local dopamine release mechanism may account for this discrepancy. 

Striatal cholinergic interneurons (ChIs) are capable of evoking dopamine release through 

a presumed axo-axonic synapse on nicotinic acetylcholine receptor -expressing nigral 

terminals (Cachope et al., 2012; Jones et al., 2001; Threlfell et al., 2012). Whether this 

dopamine-release mechanism is behaviorally significant remains to be determined. 

However, ChIs demonstrate reward-related activity. In primates, striatal tonically active 

neurons (presumed to be homologous to ChIs) exhibit burst pause firing patterns 

entrained to sensory cues that develop with reward learning (Aosaki et al., 1994). This 

activity is preceded by sensory-evoked Pf firing and is abolished when the Pf is inhibited 

(Matsumoto et al., 2001). Inhibiting Pf signaling also produces deficits in attentional 

orienting in primates and behavioral flexibility in rodents through control of striatal 

cholinergic signaling (Bradfield et al., 2013; Brown et al., 2010; Minamimoto & Kimura, 
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2002). Striatal Pf projections synapse on ChIs (Sidibé & Smith, 1999) and are capable of 

inducing dopamine release through this circuit (Threlfell et al., 2012). Together, these 

findings demonstrate that thalamic inputs modulate striatally-governed behaviors by 

inducing dynamic firing in ChIs. 

These findings of Pf-evoked cholinergic signaling and dopamine release raise 

several questions. First, it is unclear whether behaviors associated with dynamic ChI 

firing activity are directly facilitated through cholinergic signaling or secondary locally 

evoked dopamine release. Determining whether this non-canonical dopamine release 

mechanism is behaviorally significant will aid in answering this question. Second, 

whether the rILN also induces striatal dopamine release is unknown. Although CL 

projections are reported to only synapse on MSNs (Lacey et al., 2007), striatal synapses 

arising from the other two rILN nuclei have not been characterized. There is also 

evidence for AMPA and NMDA receptor expression on nigral dopamine terminals 

(Paquet et al., 1997), potentially facilitating a direct rILNnigral terminal axo-axonic 

synapse to evoke dopamine release. Moreover, the rILN was recently found to facilitate 

incubation of methamphetamine craving in a striatal dopamine D1 receptor -dependent 

manner (Li et al., 2018). This finding suggests that the rILN may be capable of inducing 

dopamine release. Given how vital dopaminergic signaling is for striatal-mediated action 

expression and related learning processes, a thorough investigation of how the rILN may 

interact with this system is essential to understanding the influence of rILN activity on 

basal ganglia function. 
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1.4 Hypothesis and Specific Aims 

The present survey of known rILN anatomical connectivity reveals that these 

nuclei serve as a massive integration center for subcortical and cortical structures 

associated with sensorimotor, associative, and limbic processes. Moreover, rILN 

signaling contributes to behaviors pertaining to these functional domains including 

sensory responding, motor control, and multiple dimensions of cognition. These 

functions are critical to the successful execution of goal-directed behavior. Given that the 

basal ganglia govern motivated actions, the rILN may serve as a vital contributor. The 

functional role of the rILNstriatum projection has been largely overlooked. However, 

several key properties suggest that this pathway may powerfully modulate striatal 

activity. 1) Although incomplete, characterization of rILN-striatal synapses indicate that 

this thalamic projection uniquely drives striatal output signaling. 2) rILN projections 

innervate both the cortical areas and the striatal subregions efferent to those corticostriatal 

projections, providing the anatomical foundation for the rILN to facilitate coordinated 

excitatory drive of discrete striatal regions. 3) Of all thalamostriatal projections, the rILN 

provides the strongest innervation of the DMS. Together, these properties lead me to 

hypothesize that the rILNdorsal striatal projection contributes to goal-directed 

behavior. I test this hypothesis in the present dissertation through the following specific 

aims: 

1. Determine whether the rILN locally evokes striatal dopamine release and 

evaluate the behavioral relevance of this mechanism (Chapter II). 

2. Determine the afferent and efferent connectivity of striatally projecting rILN 

neurons (Chapters II and III). 
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3. Determine when the rILN signals during goal-directed action learning and 

performance (Chapter III). 

4. Determine the necessity of rILNdorsal striatal signaling in goal-directed 

action execution (Chapters II and III). 

5. Determine whether activation of striatally projecting rILN neurons promotes 

goal-directed action execution (Chapter III). 

 

1.5 References 

Amita, H., Kim, H. F., Inoue, K.-I., Takada, M., & Hikosaka, O. (2020). Optogenetic 
manipulation of a value-coding pathway from the primate caudate tail facilitates 
saccadic gaze shift. Nature Communications, 11(1), 1876. 
https://doi.org/10.1038/s41467-020-15802-y 

Aosaki, T., Tsubokawa, H., Ishida, A., Watanabe, K., Graybiel, A., & Kimura, M. 
(1994). Responses of tonically active neurons in the primate’s striatum undergo 
systematic changes during behavioral sensorimotor conditioning. The Journal of 
Neuroscience, 14(6), 3969–3984. https://doi.org/10.1523/JNEUROSCI.14-06-
03969.1994 

Arai, R., Jacobowitz, D. M., & Deura, S. (1994). Distribution of calretinin, calbindin-
D28k, and parvalbumin in the rat thalamus. Brain Research Bulletin, 33(5), 595–
614. https://doi.org/10.1016/0361-9230(94)90086-8 

Aumont, É., Blanchette, C.-A., Bohbot, V. D., & West, G. L. (2019). Caudate nucleus-
dependent navigation strategies are associated with increased risk-taking and set-
shifting behavior. Learning & Memory (Cold Spring Harbor, N.Y.), 26(4), 101–
108. https://doi.org/10.1101/lm.048306.118 

Barthó, P., Freund, T. F., & Acsády, L. (2002). Selective GABAergic innervation of 
thalamic nuclei from zona incerta: GABAergic afferents to thalamus from zona 
incerta. European Journal of Neuroscience, 16(6), 999–1014. 
https://doi.org/10.1046/j.1460-9568.2002.02157.x 

Beckstead, R. M. (1979). An autoradiographic examination of corticocortical and 
subcortical projections of the mediodorsal-projection (prefrontal) cortex in the rat. 
The Journal of Comparative Neurology, 184(1), 43–62. 
https://doi.org/10.1002/cne.901840104 



23 
 

Berendse, H. W., & Groenewegen, H. J. (1991). Restricted cortical termination fields of 
the midline and intralaminar thalamic nuclei in the rat. Neuroscience, 42(1), 73–
102. https://doi.org/10.1016/0306-4522(91)90151-d 

Björklund, A., & Dunnett, S. B. (2007). Dopamine neuron systems in the brain: An 
update. Trends in Neurosciences, 30(5), 194–202. 
https://doi.org/10.1016/j.tins.2007.03.006 

Bradfield, L. A., Bertran-Gonzalez, J., Chieng, B., & Balleine, B. W. (2013). The 
Thalamostriatal Pathway and Cholinergic Control of Goal-Directed Action: 
Interlacing New with Existing Learning in the Striatum. Neuron, 79(1), 153–166. 
https://doi.org/10.1016/j.neuron.2013.04.039 

Brooks, D., & Halliday, G. M. (2009). Intralaminar nuclei of the thalamus in Lewy body 
diseases. Brain Research Bulletin, 78(2–3), 97–104. 
https://doi.org/10.1016/j.brainresbull.2008.08.014 

Brown, H. D., Baker, P. M., & Ragozzino, M. E. (2010). The Parafascicular Thalamic 
Nucleus Concomitantly Influences Behavioral Flexibility and Dorsomedial 
Striatal Acetylcholine Output in Rats. Journal of Neuroscience, 30(43), 14390–
14398. https://doi.org/10.1523/JNEUROSCI.2167-10.2010 

Brunton, J., & Charpak, S. (1998). Mu-Opioid peptides inhibit thalamic neurons. The 
Journal of Neuroscience: The Official Journal of the Society for Neuroscience, 
18(5), 1671–1678. 

Burk, J. A., & Mair, R. G. (2001). Effects of intralaminar thalamic lesions on sensory 
attention and motor intention in the rat: A comparison with lesions involving 
frontal cortex and hippocampus. Behavioural Brain Research, 123(1), 49–63. 
https://doi.org/10.1016/s0166-4328(01)00202-9 

Cachope, R., Mateo, Y., Mathur, B. N., Irving, J., Wang, H.-L., Morales, M., Lovinger, 
D. M., & Cheer, J. F. (2012). Selective Activation of Cholinergic Interneurons 
Enhances Accumbal Phasic Dopamine Release: Setting the Tone for Reward 
Processing. Cell Reports, 2(1), 33–41. 
https://doi.org/10.1016/j.celrep.2012.05.011 

Carter, D. A., & Fibiger, H. C. (1978). The projections of the entopeduncular nucleus and 
globus pallidus in rat as demonstrated by autoradiography and horseradish 
peroxidase histochemistry. The Journal of Comparative Neurology, 177(1), 113–
123. https://doi.org/10.1002/cne.901770108 

Carvalho Poyraz, F., Holzner, E., Bailey, M. R., Meszaros, J., Kenney, L., Kheirbek, M. 
A., Balsam, P. D., & Kellendonk, C. (2016). Decreasing Striatopallidal Pathway 
Function Enhances Motivation by Energizing the Initiation of Goal-Directed 
Action. The Journal of Neuroscience, 36(22), 5988–6001. 
https://doi.org/10.1523/JNEUROSCI.0444-16.2016 



24 
 

Chen, B., Xu, C., Wang, Y., Lin, W., Wang, Y., Chen, L., Cheng, H., Xu, L., Hu, T., 
Zhao, J., Dong, P., Guo, Y., Zhang, S., Wang, S., Zhou, Y., Hu, W., Duan, S., & 
Chen, Z. (2020). A disinhibitory nigra-parafascicular pathway amplifies seizure in 
temporal lobe epilepsy. Nature Communications, 11(1), 923. 
https://doi.org/10.1038/s41467-020-14648-8 

Chen, C. H., Fremont, R., Arteaga-Bracho, E. E., & Khodakhah, K. (2014). Short latency 
cerebellar modulation of the basal ganglia. Nature Neuroscience, 17(12), 1767–
1775. https://doi.org/10.1038/nn.3868 

Cornwall, J., & Phillipson, O. T. (1988). Afferent projections to the parafascicular 
thalamic nucleus of the rat, as shown by the retrograde transport of wheat germ 
agglutinin. Brain Research Bulletin, 20(2), 139–150. 
https://doi.org/10.1016/0361-9230(88)90171-2 

Crabtree, J. W. (2018). Functional Diversity of Thalamic Reticular Subnetworks. 
Frontiers in Systems Neuroscience, 12, 41. 
https://doi.org/10.3389/fnsys.2018.00041 

Cui, G., Jun, S. B., Jin, X., Pham, M. D., Vogel, S. S., Lovinger, D. M., & Costa, R. M. 
(2013). Concurrent activation of striatal direct and indirect pathways during 
action initiation. Nature, 494(7436), 238–242. 
https://doi.org/10.1038/nature11846 

Deng, J., Zhou, H., Lin, J.-K., Shen, Z.-X., Chen, W.-Z., Wang, L.-H., Li, Q., Mu, D., 
Wei, Y.-C., Xu, X.-H., & Sun, Y.-G. (2020). The Parabrachial Nucleus Directly 
Channels Spinal Nociceptive Signals to the Intralaminar Thalamic Nuclei, but Not 
the Amygdala. Neuron, 107(5), 909-923.e6. 
https://doi.org/10.1016/j.neuron.2020.06.017 

Devan, B. D., McDonald, R. J., & White, N. M. (1999). Effects of medial and lateral 
caudate-putamen lesions on place- and cue-guided behaviors in the water maze: 
Relation to thigmotaxis. Behavioural Brain Research, 100(1–2), 5–14. 
https://doi.org/10.1016/s0166-4328(98)00107-7 

Devan, B. D., & White, N. M. (1999). Parallel information processing in the dorsal 
striatum: Relation to hippocampal function. The Journal of Neuroscience: The 
Official Journal of the Society for Neuroscience, 19(7), 2789–2798. 

Díaz-Hernández, E., Contreras-López, R., Sánchez-Fuentes, A., Rodríguez-Sibrían, L., 
Ramírez-Jarquín, J. O., & Tecuapetla, F. (2018). The Thalamostriatal Projections 
Contribute to the Initiation and Execution of a Sequence of Movements. Neuron, 
100(3), 739-752.e5. https://doi.org/10.1016/j.neuron.2018.09.052 

Drummond, N. M., & Chen, R. (2020). Deep brain stimulation and recordings: Insights 
into the contributions of subthalamic nucleus in cognition. NeuroImage, 222, 
117300. https://doi.org/10.1016/j.neuroimage.2020.117300 



25 
 

D’Souza, D. N., Harlan, R. E., & Garcia, M. M. (1999). Sexual dimorphism in the 
response to N-methyl-D-aspartate receptor antagonists and morphine on behavior 
and c-Fos induction in the rat brain. Neuroscience, 93(4), 1539–1547. 
https://doi.org/10.1016/s0306-4522(99)00229-8 

Ellender, T. J., Harwood, J., Kosillo, P., Capogna, M., & Bolam, J. P. (2013). 
Heterogeneous properties of central lateral and parafascicular thalamic synapses 
in the striatum: Properties of thalamic afferents of medium spiny neurons. The 
Journal of Physiology, 591(1), 257–272. 
https://doi.org/10.1113/jphysiol.2012.245233 

Fan, D., Rossi, M. A., & Yin, H. H. (2012). Mechanisms of action selection and timing in 
substantia nigra neurons. The Journal of Neuroscience: The Official Journal of the 
Society for Neuroscience, 32(16), 5534–5548. 
https://doi.org/10.1523/JNEUROSCI.5924-11.2012 

Franklin, K. B. J., & Paxinos, G. (2008). The mouse brain in stereotaxic coordinates (3. 
ed). Elsevier, AP. 

Gangarossa, G., Espallergues, J., Mailly, P., De Bundel, D., de Kerchove d’Exaerde, A., 
Hervé, D., Girault, J.-A., Valjent, E., & Krieger, P. (2013). Spatial distribution of 
D1R- and D2R-expressing medium-sized spiny neurons differs along the rostro-
caudal axis of the mouse dorsal striatum. Frontiers in Neural Circuits, 7. 
https://doi.org/10.3389/fncir.2013.00124 

Gerfen, C. R., & Surmeier, D. J. (2011). Modulation of striatal projection systems by 
dopamine. Annual Review of Neuroscience, 34, 441–466. 
https://doi.org/10.1146/annurev-neuro-061010-113641 

Giacino, J., Fins, J. J., Machado, A., & Schiff, N. D. (2012). Central thalamic deep brain 
stimulation to promote recovery from chronic posttraumatic minimally conscious 
state: Challenges and opportunities. Neuromodulation: Journal of the International 
Neuromodulation Society, 15(4), 339–349. https://doi.org/10.1111/j.1525-
1403.2012.00458.x 

Giber, K., Diana, M. A., M Plattner, V., Dugué, G. P., Bokor, H., Rousseau, C. V., 
Maglóczky, Z., Havas, L., Hangya, B., Wildner, H., Zeilhofer, H. U., Dieudonné, 
S., & Acsády, L. (2015). A subcortical inhibitory signal for behavioral arrest in 
the thalamus. Nature Neuroscience, 18(4), 562–568. 
https://doi.org/10.1038/nn.3951 

Glenn, L. L., & Steriade, M. (1982). Discharge rate and excitability of cortically 
projecting intralaminar thalamic neurons during waking and sleep states. The 
Journal of Neuroscience: The Official Journal of the Society for Neuroscience, 
2(10), 1387–1404. 

González, H. F. J., Chakravorti, S., Goodale, S. E., Gupta, K., Claassen, D. O., Dawant, 
B., Morgan, V. L., & Englot, D. J. (2019). Thalamic arousal network disturbances 



26 
 

in temporal lobe epilepsy and improvement after surgery. Journal of Neurology, 
Neurosurgery, and Psychiatry, 90(10), 1109–1116. https://doi.org/10.1136/jnnp-
2019-320748 

Groenewegen, H. J., & Berendse, H. W. (1994). The specificity of the ‘nonspecific’ 
midline and intralaminar thalamic nuclei. Trends in Neurosciences, 17(2), 52–57. 
https://doi.org/10.1016/0166-2236(94)90074-4 

Grunwerg, BarryS., & Krauthamer, GeorgeM. (1992). Sensory responses of intralaminar 
thalamic neurons activated by the superior colliculus. Experimental Brain 
Research, 88(3). https://doi.org/10.1007/BF00228183 

Hamid, A. A., Pettibone, J. R., Mabrouk, O. S., Hetrick, V. L., Schmidt, R., Vander 
Weele, C. M., Kennedy, R. T., Aragona, B. J., & Berke, J. D. (2016). Mesolimbic 
dopamine signals the value of work. Nature Neuroscience, 19(1), 117–126. 
https://doi.org/10.1038/nn.4173 

Harte, S. E., Kender, R. G., & Borszcz, G. S. (2005). Activation of 5-HT1A and 5-HT7 
receptors in the parafascicular nucleus suppresses the affective reaction of rats to 
noxious stimulation. Pain, 113(3), 405–415. 
https://doi.org/10.1016/j.pain.2004.11.023 

Hazrati, L. N., & Parent, A. (1991). Contralateral pallidothalamic and pallidotegmental 
projections in primates: An anterograde and retrograde labeling study. Brain 
Research, 567(2), 212–223. https://doi.org/10.1016/0006-8993(91)90798-z 

Hori, Y., Minamimoto, T., & Kimura, M. (2009). Neuronal Encoding of Reward Value 
and Direction of Actions in the Primate Putamen. Journal of Neurophysiology, 
102(6), 3530–3543. https://doi.org/10.1152/jn.00104.2009 

Howe, M. W., & Dombeck, D. A. (2016). Rapid signalling in distinct dopaminergic 
axons during locomotion and reward. Nature, 535(7613), 505–510. 
https://doi.org/10.1038/nature18942 

Howe, Mark W., Tierney, P. L., Sandberg, S. G., Phillips, P. E. M., & Graybiel, A. M. 
(2013). Prolonged dopamine signalling in striatum signals proximity and value of 
distant rewards. Nature, 500(7464), 575–579. https://doi.org/10.1038/nature12475 

Huerta-Ocampo, I., Hacioglu-Bay, H., Dautan, D., & Mena-Segovia, J. (2020). 
Distribution of Midbrain Cholinergic Axons in the Thalamus. ENeuro, 7(1). 
https://doi.org/10.1523/ENEURO.0454-19.2019 

Hunnicutt, B. J., Jongbloets, B. C., Birdsong, W. T., Gertz, K. J., Zhong, H., & Mao, T. 
(2016). A comprehensive excitatory input map of the striatum reveals novel 
functional organization. ELife, 5, e19103. https://doi.org/10.7554/eLife.19103 



27 
 

Hunsperger, R. W., & Roman, D. (1976). The integrative role of the intralaminar system 
of the thalamus in visual orientation and perception in the cat. Experimental Brain 
Research, 25(3). https://doi.org/10.1007/BF00234015 

Ichinohe, N., Mori, F., & Shoumura, K. (2000). A di-synaptic projection from the lateral 
cerebellar nucleus to the laterodorsal part of the striatum via the central lateral 
nucleus of the thalamus in the rat. Brain Research, 880(1–2), 191–197. 
https://doi.org/10.1016/S0006-8993(00)02744-X 

Jankovic, J. (2008). Parkinson’s disease: Clinical features and diagnosis. Journal of 
Neurology, Neurosurgery, and Psychiatry, 79(4), 368–376. 
https://doi.org/10.1136/jnnp.2007.131045 

Jeljeli, M., Strazielle, C., Caston, J., & Lalonde, R. (2000). Effects of centrolateral or 
medial thalamic lesions on motor coordination and spatial orientation in rats. 
Neuroscience Research, 38(2), 155–164. https://doi.org/10.1016/s0168-
0102(00)00152-8 

Jiang, Z. G., & North, R. A. (1991). Membrane properties and synaptic responses of rat 
striatal neurones in vitro. The Journal of Physiology, 443, 533–553. 
https://doi.org/10.1113/jphysiol.1991.sp018850 

Jin, X., & Costa, R. M. (2010). Start/stop signals emerge in nigrostriatal circuits during 
sequence learning. Nature, 466(7305), 457–462. 
https://doi.org/10.1038/nature09263 

Jones, E. G. (2001). The thalamic matrix and thalamocortical synchrony. Trends in 
Neurosciences, 24(10), 595–601. https://doi.org/10.1016/S0166-2236(00)01922-6 

Jones, E. G. (2007). The thalamus (2nd ed). Cambridge University Press. 

Jones, I. W., Bolam, J. P., & Wonnacott, S. (2001). Presynaptic localisation of the 
nicotinic acetylcholine receptor beta2 subunit immunoreactivity in rat nigrostriatal 
dopaminergic neurones. The Journal of Comparative Neurology, 439(2), 235–
247. https://doi.org/10.1002/cne.1345 

Kato, S., Fukabori, R., Nishizawa, K., Okada, K., Yoshioka, N., Sugawara, M., Maejima, 
Y., Shimomura, K., Okamoto, M., Eifuku, S., & Kobayashi, K. (2018). Action 
Selection and Flexible Switching Controlled by the Intralaminar Thalamic 
Neurons. Cell Reports, 22(9), 2370–2382. 
https://doi.org/10.1016/j.celrep.2018.02.016 

Kinomura, S., Larsson, J., Gulyás, B., & Roland, P. E. (1996). Activation by attention of 
the human reticular formation and thalamic intralaminar nuclei. Science (New 
York, N.Y.), 271(5248), 512–515. https://doi.org/10.1126/science.271.5248.512 



28 
 

Knowlton, B. J., Mangels, J. A., & Squire, L. R. (1996). A Neostriatal Habit Learning 
System in Humans. Science, 273(5280), 1399–1402. 
https://doi.org/10.1126/science.273.5280.1399 

Krettek, J. E., & Price, J. L. (1977). Projections from the amygdaloid complex to the 
cerebral cortex and thalamus in the rat and cat. The Journal of Comparative 
Neurology, 172(4), 687–722. https://doi.org/10.1002/cne.901720408 

Krout, K. E., & Loewy, A. D. (2000). Parabrachial nucleus projections to midline and 
intralaminar thalamic nuclei of the rat. The Journal of Comparative Neurology, 
428(3), 475–494. https://doi.org/10.1002/1096-9861(20001218)428:3<475::aid-
cne6>3.0.co;2-9 

Krout, K. E., Loewy, A. D., Westby, G. W., & Redgrave, P. (2001). Superior colliculus 
projections to midline and intralaminar thalamic nuclei of the rat. The Journal of 
Comparative Neurology, 431(2), 198–216. https://doi.org/10.1002/1096-
9861(20010305)431:2<198::aid-cne1065>3.0.co;2-8 

Krout, Karl E., Belzer, R. E., & Loewy, A. D. (2002). Brainstem projections to midline 
and intralaminar thalamic nuclei of the rat. The Journal of Comparative 
Neurology, 448(1), 53–101. https://doi.org/10.1002/cne.10236 

Kuo, J. S., & Carpenter, M. B. (1973). Organization of pallidothalamic projections in the 
rhesus monkey. The Journal of Comparative Neurology, 151(3), 201–236. 
https://doi.org/10.1002/cne.901510302 

Lacey, C. J., Bolam, J. P., & Magill, P. J. (2007). Novel and Distinct Operational 
Principles of Intralaminar Thalamic Neurons and Their Striatal Projections. 
Journal of Neuroscience, 27(16), 4374–4384. 
https://doi.org/10.1523/JNEUROSCI.5519-06.2007 

Li, X., Witonsky, K. R., Lofaro, O. M., Surjono, F., Zhang, J., Bossert, J. M., & Shaham, 
Y. (2018). Role of Anterior Intralaminar Nuclei of Thalamus Projections to 
Dorsomedial Striatum in Incubation of Methamphetamine Craving. The Journal 
of Neuroscience: The Official Journal of the Society for Neuroscience, 38(9), 
2270–2282. https://doi.org/10.1523/JNEUROSCI.2873-17.2018 

Lopez, J., Wolff, M., Lecourtier, L., Cosquer, B., Bontempi, B., Dalrymple-Alford, J., & 
Cassel, J.-C. (2009). The intralaminar thalamic nuclei contribute to remote spatial 
memory. The Journal of Neuroscience: The Official Journal of the Society for 
Neuroscience, 29(10), 3302–3306. https://doi.org/10.1523/JNEUROSCI.5576-
08.2009 

Mair, R. G., Burk, J. A., & Porter, M. C. (1998). Lesions of the frontal cortex, 
hippocampus, and intralaminar thalamic nuclei have distinct effects on 
remembering in rats. Behavioral Neuroscience, 112(4), 772–792. 
https://doi.org/10.1037//0735-7044.112.4.772 



29 
 

Mair, Robert G., & Hembrook, J. R. (2008). Memory enhancement with event-related 
stimulation of the rostral intralaminar thalamic nuclei. The Journal of 
Neuroscience: The Official Journal of the Society for Neuroscience, 28(52), 
14293–14300. https://doi.org/10.1523/JNEUROSCI.3301-08.2008 

Mansour, A., Fox, C. A., Burke, S., Meng, F., Thompson, R. C., Akil, H., & Watson, S. 
J. (1994). Mu, delta, and kappa opioid receptor mRNA expression in the rat CNS: 
An in situ hybridization study. The Journal of Comparative Neurology, 350(3), 
412–438. https://doi.org/10.1002/cne.903500307 

Matsumoto, N., Minamimoto, T., Graybiel, A. M., & Kimura, M. (2001). Neurons in the 
Thalamic CM-Pf Complex Supply Striatal Neurons With Information About 
Behaviorally Significant Sensory Events. Journal of Neurophysiology, 85(2), 
960–976. https://doi.org/10.1152/jn.2001.85.2.960 

Minamimoto, T., & Kimura, M. (2002). Participation of the thalamic CM-Pf complex in 
attentional orienting. Journal of Neurophysiology, 87(6), 3090–3101. 
https://doi.org/10.1152/jn.2002.87.6.3090 

Mink, J. W. (1996). The basal ganglia: Focused selection and inhibition of competing 
motor programs. Progress in Neurobiology, 50(4), 381–425. 
https://doi.org/10.1016/s0301-0082(96)00042-1 

Mitchell, A. S., & Dalrymple-Alford, J. C. (2006). Lateral and anterior thalamic lesions 
impair independent memory systems. Learning & Memory (Cold Spring Harbor, 
N.Y.), 13(3), 388–396. https://doi.org/10.1101/lm.122206 

Miyachi, S., Hikosaka, O., Miyashita, K., Kárádi, Z., & Rand, M. K. (1997). Differential 
roles of monkey striatum in learning of sequential hand movement. Experimental 
Brain Research, 115(1), 1–5. https://doi.org/10.1007/pl00005669 

Mogenson, G. J., Takigawa, M., Robertson, A., & Wu, M. (1979). Self-stimulation of the 
nucleus accumbens and ventral tegmental area of Tsai attenuated by 
microinjections of spiroperidol into the nucleus accumbens. Brain Research, 
171(2), 247–259. https://doi.org/10.1016/0006-8993(79)90331-7 

Mohebi, A., Pettibone, J. R., Hamid, A. A., Wong, J.-M. T., Vinson, L. T., Patriarchi, T., 
Tian, L., Kennedy, R. T., & Berke, J. D. (2019). Dissociable dopamine dynamics 
for learning and motivation. Nature, 570(7759), 65–70. 
https://doi.org/10.1038/s41586-019-1235-y 

Morison, R. S., & Dempsey, E. W. (1941). A STUDY OF THALAMO-CORTICAL 
RELATIONS. American Journal of Physiology-Legacy Content, 135(2), 281–
292. https://doi.org/10.1152/ajplegacy.1941.135.2.281 

Nonomura, S., Nishizawa, K., Sakai, Y., Kawaguchi, Y., Kato, S., Uchigashima, M., 
Watanabe, M., Yamanaka, K., Enomoto, K., Chiken, S., Sano, H., Soma, S., 
Yoshida, J., Samejima, K., Ogawa, M., Kobayashi, K., Nambu, A., Isomura, Y., 



30 
 

& Kimura, M. (2018). Monitoring and Updating of Action Selection for Goal-
Directed Behavior through the Striatal Direct and Indirect Pathways. Neuron, 
99(6), 1302-1314.e5. https://doi.org/10.1016/j.neuron.2018.08.002 

Orem, J., Schlag-Rey, M., & Schlag, J. (1973). Unilateral visual neglect and thalamic 
intralaminar lesions in the cat. Experimental Neurology, 40(3), 784–797. 
https://doi.org/10.1016/0014-4886(73)90112-x 

Pan, W.-X., Schmidt, R., Wickens, J. R., & Hyland, B. I. (2005). Dopamine cells respond 
to predicted events during classical conditioning: Evidence for eligibility traces in 
the reward-learning network. The Journal of Neuroscience: The Official Journal 
of the Society for Neuroscience, 25(26), 6235–6242. 
https://doi.org/10.1523/JNEUROSCI.1478-05.2005 

Paquet, M., Tremblay, M., Soghomonian, J. J., & Smith, Y. (1997). AMPA and NMDA 
glutamate receptor subunits in midbrain dopaminergic neurons in the squirrel 
monkey: An immunohistochemical and in situ hybridization study. The Journal of 
Neuroscience: The Official Journal of the Society for Neuroscience, 17(4), 1377–
1396. 

Phillips, J. W., Schulmann, A., Hara, E., Winnubst, J., Liu, C., Valakh, V., Wang, L., 
Shields, B. C., Korff, W., Chandrashekar, J., Lemire, A. L., Mensh, B., Dudman, 
J. T., Nelson, S. B., & Hantman, A. W. (2019). A repeated molecular architecture 
across thalamic pathways. Nature Neuroscience, 22(11), 1925–1935. 
https://doi.org/10.1038/s41593-019-0483-3 

Prasad, J. A., Carroll, B. J., & Sherman, S. M. (2020). Layer 5 Corticofugal Projections 
from Diverse Cortical Areas: Variations on a Pattern of Thalamic and 
Extrathalamic Targets. The Journal of Neuroscience, 40(30), 5785–5796. 
https://doi.org/10.1523/JNEUROSCI.0529-20.2020 

Purpura, K. P., & Schiff, N. D. (1997). The Thalamic Intralaminar Nuclei: A Role in 
Visual Awareness. The Neuroscientist, 3(1), 8–15. 
https://doi.org/10.1177/107385849700300110 

Raju, D. V., Shah, D. J., Wright, T. M., Hall, R. A., & Smith, Y. (2006). Differential 
synaptology of vGluT2-containing thalamostriatal afferents between the patch and 
matrix compartments in rats. The Journal of Comparative Neurology, 499(2), 
231–243. https://doi.org/10.1002/cne.21099 

Redgrave, P., Vautrelle, N., Overton, P. G., & Reynolds, J. (2016). Phasic Dopamine 
Signaling in Action Selection and Reinforcement Learning. In Handbook of 
Behavioral Neuroscience (Vol. 24, pp. 707–723). Elsevier. 
https://doi.org/10.1016/B978-0-12-802206-1.00034-9 

Redinbaugh, M. J., Phillips, J. M., Kambi, N. A., Mohanta, S., Andryk, S., Dooley, G. L., 
Afrasiabi, M., Raz, A., & Saalmann, Y. B. (2020). Thalamus Modulates 



31 
 

Consciousness via Layer-Specific Control of Cortex. Neuron, 106(1), 66-75.e12. 
https://doi.org/10.1016/j.neuron.2020.01.005 

Rizzi, G., & Tan, K. R. (2019). Synergistic Nigral Output Pathways Shape Movement. 
Cell Reports, 27(7), 2184-2198.e4. https://doi.org/10.1016/j.celrep.2019.04.068 

Saalmann, Y. B., Pinsk, M. A., Wang, L., Li, X., & Kastner, S. (2012). The Pulvinar 
Regulates Information Transmission Between Cortical Areas Based on Attention 
Demands. Science, 337(6095), 753–756. https://doi.org/10.1126/science.1223082 

Sadikot, A. F., Parent, A., & François, C. (1992). Efferent connections of the 
centromedian and parafascicular thalamic nuclei in the squirrel monkey: A PHA-
L study of subcortical projections. The Journal of Comparative Neurology, 
315(2), 137–159. https://doi.org/10.1002/cne.903150203 

Sakayori, N., Kato, S., Sugawara, M., Setogawa, S., Fukushima, H., Ishikawa, R., Kida, 
S., & Kobayashi, K. (2019). Motor skills mediated through cerebellothalamic 
tracts projecting to the central lateral nucleus. Molecular Brain, 12(1), 13. 
https://doi.org/10.1186/s13041-019-0431-x 

Sanford, L. D., Morrison, A. R., Ball, W. A., Ross, R. J., & Mann, G. L. (1992). Varying 
expressions of alerting mechanisms in wakefulness and across sleep states. 
Electroencephalography and Clinical Neurophysiology, 82(6), 458–468. 
https://doi.org/10.1016/0013-4694(92)90052-j 

Sato, F., Kado, S., Tsutsumi, Y., Tachibana, Y., Ikenoue, E., Furuta, T., Uchino, K., Bae, 
Y. C., Uzawa, N., & Yoshida, A. (2020). Ascending projection of jaw-closing 
muscle-proprioception to the intralaminar thalamic nuclei in rats. Brain Research, 
1739, 146830. https://doi.org/10.1016/j.brainres.2020.146830 

Schiff, N. D., Giacino, J. T., Kalmar, K., Victor, J. D., Baker, K., Gerber, M., Fritz, B., 
Eisenberg, B., Biondi, T., O’Connor, J., Kobylarz, E. J., Farris, S., Machado, A., 
McCagg, C., Plum, F., Fins, J. J., & Rezai, A. R. (2007). Behavioural 
improvements with thalamic stimulation after severe traumatic brain injury. 
Nature, 448(7153), 600–603. https://doi.org/10.1038/nature06041 

Schiff, N. D. (2008). Central Thalamic Contributions to Arousal Regulation and 
Neurological Disorders of Consciousness. Annals of the New York Academy of 
Sciences, 1129(1), 105–118. https://doi.org/10.1196/annals.1417.029 

Schlag-Rey, M., & Schlag, J. (1984). Visuomotor functions of central thalamus in 
monkey. I. Unit activity related to spontaneous eye movements. Journal of 
Neurophysiology, 51(6), 1149–1174. https://doi.org/10.1152/jn.1984.51.6.1149 

Schultz, W., Dayan, P., & Montague, P. R. (1997). A neural substrate of prediction and 
reward. Science (New York, N.Y.), 275(5306), 1593–1599. 
https://doi.org/10.1126/science.275.5306.1593 



32 
 

Sewards, T. V., & Sewards, M. A. (2002). The medial pain system: Neural 
representations of the motivational aspect of pain. Brain Research Bulletin, 59(3), 
163–180. https://doi.org/10.1016/s0361-9230(02)00864-x 

Sherman, S. M. (2016). Thalamus plays a central role in ongoing cortical functioning. 
Nature Neuroscience, 19(4), 533–541. https://doi.org/10.1038/nn.4269 

Shirvalkar, P., Seth, M., Schiff, N. D., & Herrera, D. G. (2006). Cognitive enhancement 
with central thalamic electrical stimulation. Proceedings of the National Academy 
of Sciences of the United States of America, 103(45), 17007–17012. 
https://doi.org/10.1073/pnas.0604811103 

Sidibé, M., & Smith, Y. (1999). Thalamic inputs to striatal interneurons in monkeys: 
Synaptic organization and co-localization of calcium binding proteins. 
Neuroscience, 89(4), 1189–1208. https://doi.org/10.1016/s0306-4522(98)00367-4 

Stein, B. E., & Meredith, M. A. (1993). The merging of the senses. MIT Press. 

Steinberg, E. E., Keiflin, R., Boivin, J. R., Witten, I. B., Deisseroth, K., & Janak, P. H. 
(2013). A causal link between prediction errors, dopamine neurons and learning. 
Nature Neuroscience, 16(7), 966–973. https://doi.org/10.1038/nn.3413 

Sun, Y., Wang, J., Liang, S.-H., Ge, J., Lu, Y.-C., Li, J.-N., Chen, Y.-B., Luo, D.-S., Li, 
H., & Li, Y.-Q. (2020). Involvement of the Ventrolateral Periaqueductal Gray 
Matter-Central Medial Thalamic Nucleus-Basolateral Amygdala Pathway in 
Neuropathic Pain Regulation of Rats. Frontiers in Neuroanatomy, 14, 32. 
https://doi.org/10.3389/fnana.2020.00032 

Tecuapetla, F., Jin, X., Lima, S. Q., & Costa, R. M. (2016). Complementary 
Contributions of Striatal Projection Pathways to Action Initiation and Execution. 
Cell, 166(3), 703–715. https://doi.org/10.1016/j.cell.2016.06.032 

Thorn, C. A., Atallah, H., Howe, M., & Graybiel, A. M. (2010). Differential dynamics of 
activity changes in dorsolateral and dorsomedial striatal loops during learning. 
Neuron, 66(5), 781–795. https://doi.org/10.1016/j.neuron.2010.04.036 

Threlfell, S., Lalic, T., Platt, N. J., Jennings, K. A., Deisseroth, K., & Cragg, S. J. (2012). 
Striatal Dopamine Release Is Triggered by Synchronized Activity in Cholinergic 
Interneurons. Neuron, 75(1), 58–64. https://doi.org/10.1016/j.neuron.2012.04.038 

Tsai, S.-T., Chen, S.-Y., Lin, S.-Z., & Tseng, G.-F. (2020). Rostral intralaminar thalamic 
deep brain stimulation ameliorates memory deficits and dendritic regression in β-
amyloid-infused rats. Brain Structure and Function, 225(2), 751–761. 
https://doi.org/10.1007/s00429-020-02033-6 

Unzai, T., Kuramoto, E., Kaneko, T., & Fujiyama, F. (2017). Quantitative Analyses of 
the Projection of Individual Neurons from the Midline Thalamic Nuclei to the 



33 
 

Striosome and Matrix Compartments of the Rat Striatum. Cerebral Cortex (New 
York, N.Y.: 1991), 27(2), 1164–1181. https://doi.org/10.1093/cercor/bhv295 

Van der Werf, Y. D., Witter, M. P., & Groenewegen, H. J. (2002). The intralaminar and 
midline nuclei of the thalamus. Anatomical and functional evidence for 
participation in processes of arousal and awareness. Brain Research Reviews, 
39(2–3), 107–140. https://doi.org/10.1016/S0165-0173(02)00181-9 

Vertes, R. P., Hoover, W. B., & Rodriguez, J. J. (2012). Projections of the central medial 
nucleus of the thalamus in the rat: Node in cortical, striatal and limbic forebrain 
circuitry. Neuroscience, 219, 120–136. 
https://doi.org/10.1016/j.neuroscience.2012.04.067 

Vertes, Robert P., Linley, S. B., & Hoover, W. B. (2015). Limbic circuitry of the midline 
thalamus. Neuroscience and Biobehavioral Reviews, 54, 89–107. 
https://doi.org/10.1016/j.neubiorev.2015.01.014 

Voorn, P., Vanderschuren, L. J. M. J., Groenewegen, H. J., Robbins, T. W., & Pennartz, 
C. M. A. (2004). Putting a spin on the dorsal-ventral divide of the striatum. 
Trends in Neurosciences, 27(8), 468–474. 
https://doi.org/10.1016/j.tins.2004.06.006 

Wang, C. C., Willis, W. D., & Westlund, K. N. (1999). Ascending projections from the 
area around the spinal cord central canal: A Phaseolus vulgaris leucoagglutinin 
study in rats. The Journal of Comparative Neurology, 415(3), 341–367. 
https://doi.org/10.1002/(sici)1096-9861(19991220)415:3<341::aid-cne3>3.0.co;2-
7 

Wang, L., & Krauzlis, R. J. (2020). Involvement of Striatal Direct Pathway in Visual 
Spatial Attention in Mice. Current Biology, S0960982220312732. 
https://doi.org/10.1016/j.cub.2020.08.083 

Wang, L., Rangarajan, K. V., Gerfen, C. R., & Krauzlis, R. J. (2018). Activation of 
Striatal Neurons Causes a Perceptual Decision Bias during Visual Change 
Detection in Mice. Neuron, 98(3), 669. 
https://doi.org/10.1016/j.neuron.2018.04.026 

Wiesenfeld-Hallin, Z. (2005). Sex differences in pain perception. Gender Medicine. 
Official Journal of the Partnership for Gender-Specific Medicine at Columbia 
University, 2(3), 137–145. https://doi.org/10.1016/s1550-8579(05)80042-7 

Wilson, C. J., & Groves, P. M. (1981). Spontaneous firing patterns of identified spiny 
neurons in the rat neostriatum. Brain Research, 220(1), 67–80. 
https://doi.org/10.1016/0006-8993(81)90211-0 

Wise, S. P., & Jones, E. G. (1977). Cells of origin and terminal distribution of descending 
projections of the rat somatic sensory cortex. The Journal of Comparative 
Neurology, 175(2), 129–157. https://doi.org/10.1002/cne.901750202 



34 
 

Wyder, M. T., Massoglia, D. P., & Stanford, T. R. (2003). Quantitative Assessment of the 
Timing and Tuning of Visual-Related, Saccade-Related, and Delay Period 
Activity in Primate Central Thalamus. Journal of Neurophysiology, 90(3), 2029–
2052. https://doi.org/10.1152/jn.00064.2003 

Yanagihara, M., Niimi, K., & Ono, K. (1987). Thalamic projections to the hippocampal 
and entorhinal areas in the cat. The Journal of Comparative Neurology, 266(1), 
122–141. https://doi.org/10.1002/cne.902660110 

Yin, H. H., & Knowlton, B. J. (2006). The role of the basal ganglia in habit formation. 
Nature Reviews Neuroscience, 7(6), 464–476. https://doi.org/10.1038/nrn1919 

Yin, H. H., Mulcare, S. P., Hilário, M. R. F., Clouse, E., Holloway, T., Davis, M. I., 
Hansson, A. C., Lovinger, D. M., & Costa, R. M. (2009). Dynamic reorganization 
of striatal circuits during the acquisition and consolidation of a skill. Nature 
Neuroscience, 12(3), 333–341. https://doi.org/10.1038/nn.2261 

Zhang, L., & Zhao, Z.-Q. (2010). Plasticity changes of neuronal activities in central 
lateral nucleus by stimulation of the anterior cingulate cortex in rat. Brain 
Research Bulletin, 81(6), 574–578. 
https://doi.org/10.1016/j.brainresbull.2009.12.009 

Zhu, X., Zhou, W., Jin, Y., Tang, H., Cao, P., Mao, Y., Xie, W., Zhang, X., Zhao, F., 
Luo, M.-H., Wang, H., Li, J., Tao, W., Farzinpour, Z., Wang, L., Li, X., Li, J., 
Tang, Z.-Q., Zhou, C., … Zhang, Z. (2019). A Central Amygdala Input to the 
Parafascicular Nucleus Controls Comorbid Pain in Depression. Cell Reports, 
29(12), 3847-3858.e5. https://doi.org/10.1016/j.celrep.2019.11.003 

 
  



35 
 

Chapter II: Activation of the rostral intralaminar thalamus drives reinforcement 

through striatal dopamine release1 

 

2.1 Introduction 

Dopamine release in the dorsal striatum (DS) is a critical component of 

reinforcement (Bamford et al., 2018). Midbrain dopamine neuron phasic firing correlates 

with discrepancies between reward expectation and outcome and is hypothesized to 

facilitate reinforcement learning, as described by the reward prediction error model 

(Schultz, 2001). Single-unit recordings in the area of the midbrain that projects to the DS, 

the substantia nigra pars compacta, reveal dopamine neuron burst firing that corresponds 

with the start and stop of action sequences (Jin & Costa, 2010), as well as movement 

kinematics (Barter et al., 2015; Fan et al., 2012). 

At the level of the dopamine neuron terminal field in the DS, parallel phasic 

changes in dopamine release relate to reward and action execution (Howard et al., 2017; 

Howe & Dombeck, 2016; Roitman, 2004). Diverging from dopamine neuron somatic 

activity, however, phasic increases in dopamine release correlate with reward anticipation 

(Hamid et al., 2016). Moreover, striatal dopamine release ramps as a function of spatial 

proximity to a reward and scales to changes in length of a maze that is required to be 

traversed in order to obtain a reward (Howe et al., 2013). Whereas dopamine neuron 

firing rates ramp when reward reinforcement is uncertain (Fiorillo et al., 2003), DA 

release ramping persists in sessions in which reward is guaranteed (Howe et al., 2013). 

 
1 Cover, K. K., Gyawali, U., Kerkhoff, W. G., Patton, M. H., Mu, C., White, M. G., Marquardt, A. E., 
Roberts, B. M., Cheer, J. F., & Mathur, B. N. (2019). Activation of the Rostral Intralaminar Thalamus 
Drives Reinforcement through Striatal Dopamine Release. Cell Reports, 26(6), 1389-1398.e3. 
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Together, these accounts of diverse activity across dopamine neuron soma and axon 

terminals suggest the existence of behaviorally-relevant dopamine release mechanisms 

acting at the level of the dopamine neuron terminal field (Berke, 2018). 

Supporting this notion, electrical stimulation of non-selective thalamic inputs to 

the striatum drives cholinergic interneurons to burst fire and subsequently pause their 

firing in a dopamine D2-receptor dependent manner (Ding et al., 2010). As this so-called 

“burst-pause” activity of cholinergic neurons is associated with learning (Aosaki et al., 

1994), these data collectively suggest that the intralaminar nuclei of the thalamus may 

direct cholinergic interneuron activity in vivo to shape action learning through local 

striatal DA release mechanisms (Zhang et al., 2018). Indeed, dopamine release is 

observed in both the dorsal and ventral striatum following synchronous cholinergic 

interneuron activation (Cachope et al., 2012; Mateo et al., 2017; Threlfell et al., 2012). 

Owing to the innervation of cholinergic interneurons by the parafascicular thalamic 

intralaminar nucleus (Pf), activation of this structure elicits local striatal dopamine release 

in a nicotinic acetylcholine receptor-dependent manner (Threlfell et al., 2012).  

In addition to the Pf, the rostral grouping of thalamic intralaminar nuclei (rILN), 

consisting of the tightly bundled central lateral, paracentral, and central medial nuclei, 

similarly projects to the striatum (Berendse and Groenewegen, 1990; Hunnicutt et al., 

2016). This raises the possibility that rILN activity may also influence striatal dopamine 

release. Indeed, rILN projections to the DS facilitate incubation of methamphetamine 

craving in a dopamine D1 receptor-dependent manner (Li et al., 2018). Here, we find that 

rILN terminal activation in DS slices drives dopamine -dependent cholinergic interneuron 

burst-pause activity and, accordingly, evokes DS dopamine release in an acetylcholine-
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dependent manner. In vivo, we report that suppressing rILN activity modulates 

dopaminergic nigrostriatal terminal activity and that optogenetic stimulation of rILN 

terminals facilitates intracranial self-stimulation in a D1 receptor-dependent manner. We 

also present evidence that cholinergic interneurons contribute to this behavior. These 

results underscore the potential for non-canonical, local striatal release mechanisms in 

mediating reward-related behaviors. 

2.2 Materials and Methods 

Subjects 

2-4-month-old male and female C57BL/6J (wild-type) mice were given ad libitum 

access to food and water and maintained on a 12:12 h light/dark cycle (lights on at 0700 

hrs). Mice were housed with littermates (2-5 per cage), except for those singly-housed 

following fiber implantation. To visually-identify cholinergic interneurons for 

electrophysiological recordings, ChAT-IRES-Cre mice were crossed in-house with 

tdTomato reporter mice (Ai9(RCL-tdT) to selectively express tdTomato fluorophore in 

Cre-recombinase-expressing cholinergic neurons (referred here as “ChAT-tdT”). 

Heterozygous DAT-IRES-Cre mice (DAT-cre) were used for in vivo photometry. All 

experiments were performed in accordance with the United States Public Health Service 

Guide for Care and Use of Laboratory and were approved by the Institutional Animal 

Care and Use Committee at the University of Maryland, Baltimore.  
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Figure 2.S1. rILN-targeted ChR2-eYFP expression in the thalamus, Related to 
Materials & Methods. (A) Coronal perspective of representative ChR2-eYFP expression 
in the anterior thalamus for 10 mice used in electrophysiology, voltammetry or behavioral 
experiments (colored outlines representing individual mice; left) and summarized 
representative spread of expression (green shading; right). (B) Sagittal perspectives of the 
thalamus with spread of ChR2-eYFP expression (green shading). rILN nuclei are outlined 
in solid black and boundaries of adjacent thalamic nuclei are indicated by dashed lines. 
Arrows indicate orientation of dorsal (D), lateral (L), anterior (A) and posterior (P) 
planes. Thalamic nuclei abbreviations: *, intermediodorsal; AM, anteromedial; AV, 
anteroventral; CL, central lateral; CM, central medial; Hb, habenula; MD, mediodorsal; 
PC, paracentral; Pf, parafascicular; Po, posterior; PV, paraventricular; Rh, rhomboid; Sub, 
submedius; VL, ventral lateral. 
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Surgical Procedures 

To virally express ChR2 in the rILN, wild-type mice were stereotaxically injected 

under isoflurane (5% induction, 1-2% maintenance) with AAV-hSyn-ChR2-eYFP or 

control AAV-hSyn-eYFP viruses (See Fig. 2.S1). Viruses were injected at a volume of 

300 nl/side and rate of 20 nl/min in the rILN (relative to bregma in mm, anterior-posterior 

(AP) -1.4, medial-lateral (ML) ±0.35, dorsal-ventral (DV) -3.55) or Pf (250nl/side; AP -

2.5, ML ±0.75, DV -3.25) with a 25G syringe (Hamilton Company). To virally ablate 

striatal cholinergic interneurons, AAV5-flex-taCasp3-TEVp (or the control AAV5-EF1a-

DIO-mCherry) was bilaterally injected in the striatum (500 nl/side; AP +0.80, ML ±1.75, 

DV -2.75) of heterozygous ChAT-cre or ChAt-tdT mice. Four weeks later, manually-

constructed optic fibers with high numerical aperture (NA; 0.66) fiber (Prizmatix) were 

bilaterally implanted in the DS (AP +0.80, ML ±1.75, DV -2.25) and secured with 

TitanBond (Horizon) and dental cement. Animals recovered for at least one week prior to 

behavioral testing.  

For in vivo photometry, DAT-cre mice were unilaterally injected with AAV5-

hSyn-GCaMP6f-FLEX in the substantia nigra at a volume of 450nl at two sites (AP -3.5, 

ML 1.5, DV -4.75 and AP -3.0, ML 1.5, DV -4.8). These mice also received bilateral 

injections of AAV8-hSyn-hM4Di-mCherry or control AAV8-hSyn-mCherry in the rILN 

(as described above). These mice were unilaterally implanted with a low NA (0.22) fiber 

(ThorLabs) in the DS. 

Immunohistochemistry was used to confirm virus expression at injection sites; 

animals were excluded from experiments for poor virus expression at targeted regions or 
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if virus expression was detected in the Pf for rILN-targeted injections (or rILN-localized 

expression for Pf-targeted injections). 

Brain Slice Preparation 

Mice were deeply anesthetized with isoflurane and brains were quickly removed 

and submerged in 95% oxygen, 5% carbon dioxide (carbogen)-bubbled ice cold cutting 

solution (in mM): 194 sucrose, 30 NaCl, 4.5 KCl, 1 MgCl2, 26 NaHCO3, 1.2 NaH2PO4, 

and 10 D-glucose). 250 μm coronal slices were obtained on a Leica VT 1200 vibratome 

and stored in carbogen-bubbled aCSF (in mM); 124 NaCl, 4.5 KCl, 2 CaCl2, 1 MgCl2, 

26 NaHCO3, 1.2 NaH2PO4, and 10 D-glucose). Striatal slices were incubated at 32.4°C 

for 30 min and stored thereafter at room temperature until recording. 

Whole-cell Electrophysiology 

Hemisected ChAT-tdTomato brain slices were transferred to the recording 

chamber and perfused with carbogen-bubbled aCSF (in mM; 124 NaCl, 4.5 KCl, 2 

CaCl2, 1 MgCl2, 26 NaHCO3, 1.2 NaH2PO4, and 10 D-glucose) at 29-31°C. Whole-cell 

recordings were made with glass micropipettes (2-5 mΩ) filled with CsMeSO3-based 

internal solution (in mM; 120 CsMeSO3, 5 NaCl, 10 TEA-Cl, 10 HEPES, 5 QX-314, 1.1 

EGTA, 4 Mg-ATP, and 0.3 Na-GTP; 290-300 mOsm and pH 7.3) to record oPSCs were 

evoked with 2-4 ms 473 nm light pulses and recorded in whole-cell voltage clamp. Drugs 

dissolved in aCSF were delivered to brain slices through a gravity perfusion system. 

Visually-identified tdTomato-expressing cholinergic interneurons were voltage-clamped 

at -60 mV with a MultiClamp 700B amplifier (Molecular Devices) and recordings were 

filtered and digitized at 2 and 10 kHz, respectively. For burst-pause experiments, 
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cholinergic interneurons were recorded in cell-attached or whole cell current-clamp 

configurations with a K+-based internal solution (in mM: 126 potassium gluconate, 4 

KCl, 10 HEPES, 4 ATP-Mg, 0.3 GTP-Na, and 10 phosphocreatine; 290-295 mOsm; pH 

7.3). Data was acquired with Clampex 10.4.1.4 and analyzed with Clampfit 10.4.1.4 

(Molecular Devices). Cells were discarded from analysis if series resistance changed by 

more than 15% during recording. For voltage-clamp experiments, oPSC amplitudes were 

averaged per min and expressed as a percent change from baseline measurements (first 5 

min of recordings). The averaged baseline was statistically compared with averaged last 5 

min of recording. 

Fast-scan cyclic voltammetry 

Hemisected brain slices were transferred to the recording chamber and perfused 

with carbogen-bubbled Krebs buffer (in nM: 126 NaCl, 2.5 KCl, 1.2 NaH2PO4, 2.4 

CaCl2, 1.2 MgCl2, 0.4 L-ascorbic acid, 20 HEPES, 10 D-glucose, 25 NaHCO3, and 10 

NaOH; pH 7.3 – 7.4) at 28-30°C. A 7 μm carbon fiber was aspirated into a borosilicate 

glass capillary tube and pulled on a P-80 horizontal pipette puller (Sutter Instruments). 

The extended electrode fiber was trimmed to approximately 100 μm. Voltammetry 

recordings and analysis were performed with TarHeel CV software (University of North 

Carolina). The electrode potential was linearly scanned as a triangular waveform from -

0.4 to 1.3 to -0.4 V (Ag vs AgCl) at 400 V/s. Electrodes were first conditioned by 

applying the voltage ramp at 60 Hz for 10 min and then 10 Hz for 5 min. Dopamine 

release was evoked by an optic fiber that delivered a 4 ms pulse of 10 mW blue light (473 

nm) every 4 min. The first 5 stable recordings (within ±20% nA of average) were 

averaged as baseline with subsequent recordings expressed as percent change of baseline 
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measurements. Drugs dissolved in Krebs buffer were perfused immediately following the 

5th baseline recording for 10 subsequent recordings. Averaged baseline currents were 

compared with averaged recordings from the last five recordings. Due to the fleeting 

responses when activating Pf afferents, the first two recordings were averaged as 

baseline, with drugs perfused immediately following the second recording. After a 16 

min perfusion period, two additional recordings were collected and averaged. Following 

recording, electrodes were calibrated with 500-1000 nM dopamine dissolved in Krebs 

buffer using a microfluidic flow cell (Sinkala et al., 2012). 

Behavioral Experiments 

All testing was performed during the light phase, following 2-3 sessions of 15 min 

exposure to testing chambers.  

Optical Intracranial Self-Stimulation 

Food-restricted animals (90% of ad libitum body weight) expressing ChR2-eYFP or 

eYFP in the rILN were trained to lever press in a 21.6 x 17.8 x 12.7 cm operant chamber 

containing two retractable levers separated by a trough pellet receptacle. Pressing on 

either lever was reinforced with a 14 mg purified sucrose pellet (Bio-Serv) delivered on a 

fixed ratio of one pellet per press (FR1). Mice were trained in twice-daily 30 min 

sessions. Once trained to lever press at least 30 times per session for 6 consecutive 

sessions, mice completed a single 30 min oICSS session (Day 1) in which a press on the 

non-biased lever (as determined from training sessions) initiated bilateral delivery of 5 

Hz light for 1 s to the DS (Fig. 3A). 24 hrs later, light activation was paired with the 

opposite lever in a second oICSS session (Day 2). To test the role of dopamine D1 
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receptor signaling in rILN oICSS, mice were injected with either 0.055 mg/kg SCH23390 

dissolved in 0.9% NaCl (SCH) or vehicle (Veh; 10 ml/kg i.p.) 30 min prior to both Day 1 

and 2 test sessions. To assess the effect of drug injection (SCH or Veh) alone on motor 

performance, mice also completed the 2-day oICSS protocol in which presses on neither 

lever delivered light (No Light). Thus, each animal completed four counter-balanced 

oICSS tests (Veh+Light, SCH+Light, Veh+No Light, and SCH+No Light) separated by 6 

FR1 food-reinforced sessions. Patch cables, connected to a commutator and 465 nm LED 

module (Plexon), were attached to optic fiber implants via ceramic sleeves (Thorlabs). 

Open Field Assay 

Mice expressing GCaMP6f in substantia nigra dopamine neurons and hM4Di-mCherry or 

mCherry alone in rILN were assessed for movement-related nigrostriatal dopamine 

terminal activity in an open arena (70 x 30 x 25 cm). Mice were injected with vehicle 

solution (Veh; 0.9% NaCl, 10 ml/kg i.p.) 40 min prior to testing. 24 hr later, mice were 

administered CNO (5 mg/kg i.p.) 40 min prior to a second open field test. Mice were 

video recorded for movement analysis using Ethovision XT. 

Fiber Photometry 

Time-correlated single-photon counting fiber photometry (TCSPC; White et al., 

2018) was used to record activity-dependent calcium signals of dopaminergic 

nigrostriatal terminals. 20 MHz-pulsed blue light emitted from a 473-nm picosecond 

diode laser (Becker & Hickl) was transmitted into a multimode fiber patchcord (RJPSL2; 

Thorlabs) attached to a chronic fiber implant in the DS. GCaMP6f emission photons were 

band-pass filtered, and transmitted into a 16-channel, 106 nm wavelength photomultiplier 
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tube (PML-16-1-C; Becker & Hickl). Photons per channel were recorded with a TCSPC 

module (SPC-130-EM; Becker & Hickl). The “peak signal” was derived from the photon 

counts from the spectral channel corresponding to maximum GCaMP6f emission 

following subtraction of photons from a non-GCaMP6f -related channel. 

Immunohistochemistry  

Mice were transcardially perfused with room-temperature 0.1 M Phosphate 

Buffered Saline (PBS), pH 7.3, followed by ice-cold 4% (w/v) paraformaldehyde in PBS. 

Brains were extracted and post-fixed with 4% paraformaldehyde in PBS at 4 °C. 50 μm 

coronal sections were cut using an Integraslice 7550 MM vibrating microtome (Campden 

Instruments). Chicken or goat anti-GFP and chicken anti-mCherry antibodies were used 

at a 1:2000 dilution. Goat anti-choline acetyltransferase antibody was used at 1:200. 

Secondary donkey anti-goat or anti-chicken antibodies conjugated to either Alexa 488 or 

594 were used at 1:1000 dilution. The Brain BLAQ protocol (Kupferschmidt et al., 2015) 

was used for immunohistochemistry following FSCV and electrophysiology. 

Quantification and Statistical Analysis 

 All statistical analyses were performed in Prism 6.01 and are reported in the 

Results. The specific statistical test as well as value and description of n are listed in the 

figure legends. Photon counts derived from the fiber photometry experiment were 

analyzed in RStudio 1.1.456 prior to statistical analysis. 

2.3 Results 

The rILN elicits local striatal dopamine release through cholinergic interneurons 
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To determine whether rILN activation elicits striatal dopamine release through a 

cholinergic interneuron-dependent mechanism, we first explored whether rILN terminals 

innervate cholinergic interneurons in the DS. We expressed channelrhodopsin (ChR2)-

eYFP in the rILN (Fig. 2.S1) and optogenetically activated ChR2-expressing rILN 

terminals while recording from cholinergic interneurons using whole-cell patch clamp 

electrophysiology (Fig. 2.1A-D). We observed characteristic tonic firing in tdTomato-

labeled neurons (Fig. 2.1E). Activation of rILN terminals with single blue light pulses 

evoked post-synaptic currents (oPSCs) that were abolished in the presence of AMPA and 

NMDA receptor antagonists, NBQX and AP5, respectively (Fig. 2.1F; t(8)=8.56, 

P<0.0001). 

To examine whether rILN afferents in the DS sufficiently innervate cholinergic 

interneurons to elicit burst action potential firing followed by the characteristic 

dopamine-dependent pause in firing behavior (Ding et al., 2010), we recorded from 

cholinergic interneurons in current clamp mode while optogenetically activating rILN 

afferents. We found that a 1.5 s light pulse train induced a burst-pause firing response in 

cholinergic interneurons (Fig. 2.1G). The time to first action potential following the burst 

response was significantly greater than the pre-burst interspike interval (ISI) (Fig. 2.1H; 

P=0.001). To determine whether the post-burst pause was dopamine -mediated, we 

applied the D2 receptor antagonist sulpiride (Fig. 2.1I). Sulpiride produced a trending but 

not significant increase in the baseline firing rate (Fig 2.1J; P=0.11) but no difference in 

burst response (Fig. 2.1K; P=0.85), as compared to control recordings. Sulpiride 

incubation significantly shortened the post-burst pause in firing (Fig. 2.1L, P=0.005) and 

decreased the post-burst ISI to baseline ISI ratio (Fig. 2.1M; P=0.028). 
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Figure 2.1. The thalamic rILN activate striatal cholinergic interneurons. (A) 
Schematic of experimental approach. (B) Representative expression of channelrhodopsin 
(ChR2)-eYFP at the rILN injection site. (C) Representative expression of ChR2-eYFP in 
rILN axon terminals (green) and cholinergic interneurons (red) in the dorsal striatum 
(DS). (D) A recorded tdTomato-expressing cholinergic interneuron. (E) Sample trace of a 
cell-attached cholinergic interneuron recording. (F) Left: NBQX and AP5 application 
reduced the average peak amplitude of post-synaptic currents evoked by optogenetic 
activation (oPSCs; 1 2-4 ms pulse; blue bar) of ChR2-expressing rILN terminals (orange; 
n=6 cells) versus control aCSF (gray; n=4 cells). Right: Representative oPSCs: control 
(black), after incubation in aCSF (grey), or NBQX and AP5 (orange). (G) Top: A 
representative whole-cell current clamp recording of burst firing in a cholinergic 
interneuron in response to optogenetic rILN terminal activation (15 pulses at 10 Hz), 
followed by firing pause. Middle: Representative raster plots of six consecutive 
responses. Bottom: Corresponding histogram of average firing per second. (H) The time 
to first spike following burst firing was greater than the average interspike interval (ISI) 
during tonic firing (n=11 cells). (I) Representative cholinergic interneuron recording 
following incubation in 5 µM sulpiride (top), with a raster plot of six consecutive 
responses (middle) and corresponding histogram (bottom). (J-M) Comparison of 
cholinergic interneuron burst-pause firing properties between control (n=12 cells) and in 
sulpiride (n=12 cells) of (J) baseline firing rate, (K) burst firing rate, (L) post-burst pause 
length, and (M) ratio of post-burst ISI to mean baseline ISI. Abbreviations: aCSF, 
artificial cerebral spinal fluid; cc, corpus callosum; fr, fasciculus retroflexus. Scale bars: 
250 µm (B,C); 40 µm (D). Unpaired t-test (F); Wilcoxon signed-rank test (H); Mann-
Whitney test (J-M): *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Individual values 
are represented in grey or orange with mean ± standard error of the mean (SEM) in black. 
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The dopamine-modulated burst-pause firing behavior we observed in striatal slice 

suggests that rILN afferent activation leads to local dopamine release. To provide direct 

evidence of this, we used fast-scan cyclic voltammetry (FSCV) to measure electrical 

currents derived from dopamine transients. Optogenetic activation of rILN terminals in 

acute striatal slices evoked transient dopamine release in the DS (Fig. 2.2A-B). DA 

release persisted across repeated light pulses, decaying to an average 73.7±7.1% of 

baseline (t(7)=3.69, P=0.0078) and was eliminated by NBQX (Fig. 2.2C; compared to 

control recordings: t(14)=9.86, P<0.0001; compared to NBQX baseline: t(7)=64.69, 

P<0.0001), but not by AP5, of which current decayed to 79.0±7.3% of baseline (Fig. 

2.2D; compared to control: t(14)=0.52, P=0.61; compared to AP5 baseline: t(7)=2.87, 

P=0.02). The nicotinic receptor antagonist mecamylamine also abolished optogenetically-

evoked DA release (Fig. 2.2E; compared to control: t(14)=10.31, P<0.0001; compared to 

mecamylamine baseline: t(7)=1009, P<0.0001). To confirm that the recorded current was 

dopamine -derived, and not serotonin for example, we applied the D2 receptor agonist 

quinpirole to activate dopamine autoreceptors. Quinpirole significantly attenuated the 

light-evoked current as compared to the control condition (Fig. 2.2F; t(13)=9.61, 

P<0.0001).  
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Figure 2.2. rILN afferent activation evokes dopamine release in the DS. (A) 
Approach for voltammetry recordings. (B) Left: Optogenetic rILN terminal activation in 
the DS elicited a dopamine current with corresponding cyclic voltammogram (top) and 
plot of background-subtracted current (bottom). Right: A representative electrode 
calibration of current to known dopamine concentrations (3-4 recordings per 
concentration). (C) dopamine release time course in control (black; n=8 recordings) and 
following NBQX application (orange; n=8 slices. (D) AP5 (orange) did not alter rILN-
induced dopamine release (n=8 slices). (E) Mecamylamine (orange) abolished dopamine 
release (n=8 slices). (F) Quinpirole (orange) eliminated dopamine release (n=7 slices). 
Unpaired t-test: ****P<0.0001. Data represent mean ± SEM. 
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rILN activity modulation of nigrostriatal terminal activity and movement 

As rILN terminal activation robustly elicits local dopamine release, we next 

sought to determine whether the rILN provides an ongoing modulation of dopaminergic 

nigrostriatal terminal activity in vivo. To this end, we employed fiber photometry to 

monitor nigrostriatal terminal activity (Parker et al., 2016) while chemogenetically 

suppressing rILN activity. To first validate the efficacy of inhibitory DREADD receptor 

hM4Di -mediated suppression of glutamate release from rILN into the DS, we co-

expressed ChR2-eYFP and hM4Di-mCherry in the rILN and recorded oPSC events in 

medium spiny neurons (MSNs) in acute striatal slices (Fig. 2.3A). Activating hM4Di 

receptors with clozapine-N-oxide (CNO) reduced oPSC amplitude to 44.5±5.2% of 

baseline as compared to control artificial cerebral spinal fluid (aCSF) with an amplitude 

of 98.4±11.7% (Fig. 2.3B; t(13)=3.57, P=0.0034; compared to CNO baseline: t(5)=10.60, 

P=0.0001).  

We next used fiber photometry to monitor population-level activity-dependent 

calcium transients arising from GCaMP6f-expressing dopaminergic nigrostriatal 

terminals in mice. These mice also expressed either hM4Di-mCherry or the mCherry 

fluorophore alone in the rILN and were unilaterally implanted with a multimode fiber in 

the DS (Fig. 2.3C). CNO administration significantly reduced GCaMP6f peak signal in 

hM4Di-expressing but not mCherry-expressing mice as compared to vehicle in freely-

moving mice (Fig. 2.3D-E). A two-way ANOVA showed main effects for drug 

(F1,28=11.53, P=0.0021), animal group (F1,28=5.78, P=0.023) and a significant interaction 

(F1,28=5.78, P=0.023) of the two factors. The off-peak spectral channel photon count, 

which is subtracted from the GCAMP6f-associated channel to derive the peak signal, did 
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not differ significantly before or after CNO administration in either group (Group: 

F1,27=1.618, P=0.214; drug: F1,27=3.42, P=0.076; interaction F1,27=3.48, P=0.073). The 

change in nigrostriatal activity-dependent calcium activity was accompanied by 

significant reductions in movement in hM4Di- but not mCherry-expressing mice, as 

measured by total distance moved (Fig. 2.3F; drug: F1,28=2.95, P=0.097; group: 

F1,28=2.87, P=0.095; interaction: F1,28=11.12, P=0.0024), maximum velocity achieved 

(Fig. 2.3G; drug: F1,28=2.13, P=0.16; group: F1,28=0.62, P=0.44; interaction: F1,28=8.15, 

P=0.008) and percent of time in motion (Fig. 2.3H; drug: F1,28=2.66, P=0.11; group: 

F1,28=5.62, P=0.025; interaction: F1,28=8.99, P=0.0057) during a five min period. 
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Figure 2.3. Chemogenetic suppression of rILN firing decreases dopaminergic 
nigrostriatal terminal activity and locomotion. (A) Approach for chemogenetic rILN 
terminal inhibition and synaptic transmission interrogation. (B) Left: Recording from DS 
medium spiny neurons (MSNs) in striatal slices, application of clozapine-n-oxide (CNO; 
red) attenuated rILN-evoked oPSC amplitude (n=6 cells) versus control aCSF (gray; n=9 
cells). Right: Representative oPSC traces; before (black) and after aCSF (gray) or CNO 
(red) incubation. (C) Left: Experimental strategy to chemogenetically suppress rILN 
activity and monitor dopaminergic nigrostriatal terminal activity. Middle: Timeline of 
drug administration and behavioral testing. Right: Representative expression of 
GCaMP6f (green) in the substantia nigra (SN). (D) Emission profile of GCaMP6f in the 
DS, with peak GCaMP6f channel (white arrow) and off-peak channel (gray arrow). (E) 
Left: Representative traces of peak signal in hM4Di and mCherry-expressing mice freely-
moving in an open field following vehicle (Veh; black) or CNO (blue; 5 mg/kg) injection. 
Right: The average peak signal was decreased in hM4Di (N=16 mice) but not mCherry 
(N=14 mice) -expressing mice by CNO. (F-H) Changes in movement between groups: 
(F) total distance traveled; (G) maximum velocity and; (H) percent of time in motion. 
Scale bar: 250 μm. Unpaired t-test (B); Post hoc Holm-Šidàk test (E-H): *P<0.05, 
**P<0.01, ***P<0.001. Individual values are represented in grey; data represent mean ± 
SEM. 
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rILN  DS pathway activation is behaviorally reinforcing 

As DS dopamine is associated with behavioral reinforcement (Faure et al., 2005; 

Robinson et al., 2007), we next investigated whether activation of rILN inputs into the 

DS supports reinforcement in a dopamine -dependent manner. To test this, we trained 

mice in an optical intracranial self-stimulation paradigm (oICSS; Fig. 2.4A). Mice 

expressing ChR2-eYFP in the rILN lever pressed for light activation of rILNDS 

terminals significantly more than the non-reinforced lever and reliably switched lever 

preference when light delivery was reversed to the opposite lever 24 hr later (Fig. 2.4B). 

As rILN-dependent incubation of drug craving is mediated by DS DA D1 receptors (Li et 

al., 2018), we investigated if D1 receptor activity was necessary for oICSS. We found 

that administration of the D1 receptor antagonist SCH23390 prior to oICSS sessions 

significantly reduced this preference for the light-paired lever as did sessions in which 

neither lever was paired with light delivery. Within-subject two-way ANOVA showed a 

main effect of lever on Day 2 (F1,8=54.41, P<0.0001) but not Day 1 (F1,8=4.12, P=0.077), 

main effects for condition (Day 1: F3,24=6.24, P=0.003; Day 2: F3,24=9.96, P=0.0002), and 

significant interactions (Day 1: F3,24=14.02, P<0.0001; Day 2: F3,24=20.90, P<0.0001). In 

contrast, mice expressing eYFP alone in the rILN did not demonstrate a preference for 

the light-paired lever (Fig. 2.4C). Analysis of lever and condition showed main effects for 

lever (Day 1: F1,8=9.17, P=0.016; Day 2: F1,8=12.74, P=0.007), a main effect of condition 

for Day 2 (F3,24=5.60, P=0.005) but not Day 1 (F3,24=1.84, P=0.167), and no significant 

interaction between the two factors for either day (Day 1: F3,24=1.156, P=0.347; Day 2: 

F3,24=0.227, P=0.877). Assessing the effect of light delivery and drug administration on 

total press rates, ChR2-eYFP mice pressed significantly more during light-reinforced 
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sessions following vehicle administration (Veh+Light) than in any other condition, 

whereas eYFP mice demonstrated no significant differences in total press rates between 

the conditions (Fig. 2.S2). Moreover, total press rates between the two animal groups 

only differed significantly in the Veh+Light condition. Significant effects were found in 

condition (Day 1: F3,48=7.8, P=0.0003; Day 2: F3,48=14.6, P<0.0001), animal group (Day 

1: F1,16=3.0, P=0.102; Day 2: F1,16=14.4, P=0.0016), and an interaction of the two factors 

(Day 1: F3,48=7.8, P<0.001; Day 2: F3,48=4.06, P=0.012). 
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Figure 2.4. Optogenetic activation of rILN afferents in the DS is reinforcing. (A) 
Top-left: Approach for in vivo optogenetic rILN-terminal activation and ChR2-eYFP 
expression relative to fiber placement in DS. Right & bottom-left: Experimental timeline 
and procedure for two-day optical intracranial self-stimulation paradigm (oICSS). (B) 
ChR2-eYFP-expressing mice pressed the light-paired lever (blue fill) more than the non-
reinforced lever (black fill) in a light and DA D1 receptor -dependent manner. (C) eYFP-
expressing mice did not press the light-paired lever more than the non-reinforced lever 
(N=9 mice). (D) Left: Strategy to ablate DS cholinergic interneurons at site of light 
delivery. Right: Representative taCasp3-mediated ablation of cholinergic interneurons 
(red) and expression of ChR2-eYFP –expressing rILN terminals (green) in the DS. (E) 
mCherry–expressing mice (N=7) pressed the light-paired lever (blue) more than the non-
reinforced lever (black) on both test days. taCasp3 ablated mice (N=6) only pressed the 
light-paired lever more on Day 2. Abbreviations: FR1, Fixed-rate 1; SCH, SCH23390. 
Scale bars = 250 μm. Post hoc Holm-Šidàk test: *P<0.05, **P<0.01, ****P<0.0001. 
Individual values are represented in grey; data represent mean ± SEM. See also 
Supplemental Figure 2.S2. 
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Figure 2.S2. rILN optical intracranial self-stimulation (oICSS) press rates across 
experimental group and condition, Related to Figure 4. ChR2-eYFP mice (N=9) lever 
pressed more overall (sum of presses for both levers) during the Veh+Light condition 
than all other conditions on both Day 1 (left) and Day 2 (right) sessions, whereas eYFP 
mice (N=9) showed no significant differences in total number presses between the four 
conditions for either day. ChR2-eYFP mice pressed significantly more than eYFP mice 
during the Veh+Light condition. Post hoc Holm-Šidàk test: **P<0.01, ***P<0.001, 
****P < 0.0001. Data represent mean ± SEM. 
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As the rILN projects to MSNs (Ellender et al., 2013), we next examined whether 

the rILNcholinergic interneuron circuit is required for rILN-evoked behavioral 

reinforcement by ablating cholinergic interneurons at the site of light delivery with a viral 

taCasp3 construct. This virus selectively expresses caspase-3 in cre-expressing cells to 

induce apoptosis in vivo (Yang et al., 2013). Compared to a control cohort of mice 

injected with DIO-mCherry in the striatum, taCasp3 mice failed to demonstrate a 

preference for the light-paired lever on the first test day (Fig. 2.4D left; lever: F1,11=10.14, 

P=0.0087; animal group: F1,11=0.62, P=0.45; interaction: F1,11=5.61, P=0.037). Upon 

lever reversal, however, taCasp3 mice performed similarly to mCherry controls by 

pressing the light-paired lever significantly more than the non-reinforced lever (Fig. 2.4D 

right; lever: F1,11=37.15, P<0.0001; animal group: F1,11=0.81, P=0.39; interaction: 

F1,11=0.67, P=0.43). 

PfDS pathway activation evokes a transient dopamine response 

To understand how rILN-evoked striatal dopamine release and behavior compares 

with that of Pf inputs, we injected ChR2-eYFP in the Pf. We found that optogenetic 

activation of Pf terminals evoked DS dopamine release (Fig. 2.S3A-B), confirming 

findings by (Threlfell et al., 2012). This dopamine response decayed significantly over 

time as compared to rILN-evoked release (Fig. 2.S3C). Analyzing evoked current 

normalized to the first timepoint, there were significant main effects of time 

(F9,198=25.88, P <0.0001) and thalamic region (F1,22=36.42, P <0.0001), with a significant 

interaction (F9,198=9.61, P <0.0001). Pf-evoked dopamine release was attenuated by 

mecamylamine as compared to control (Fig. 2.S3D; t(11)=4.39, P=0.0011) (Threlfell et 

al,. 2012). We then assessed whether Pf-evoked dopamine release is behaviorally 
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reinforcing. Mice expressing ChR2-eYFP in Pf did not prefer to press the lever paired 

with bilateral DS light delivery on the first test day as compared to the non-reinforced 

lever. Although mice pressed the light-paired lever more upon lever reversal on Day 2 

(Fig. 2.S3E), a two-way ANOVA did not reveal main effects for lever (F1,6=1.35, 

P=0.29), day (F1,6=1.28, P=0.30), nor an interaction of the two factors (F1,6=4.82, 

P=0.07). 
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Figure 2.S3. Pf afferent activation evokes transient dopamine (DA) release in the 
DS, Related to Figures 2 and 4. (A) Methodological approach (left) with representative 
ChR2-eYFP expression in the Pf (top right) and DS (bottom right). (B) Left: Optogenetic 
activation of Pf fibers in the DS elicited a dopamine current (top) with corresponding 
cyclic voltammogram (inset) and pseudo-color plot (bottom). Right: A representative 
electrode calibration of measured current to known dopamine concentrations (3-4 
recordings per concentration). (C) Single light pulses produced Pf-evoked dopamine 
release in striatal slice (normalized to the first recording; black symbols; n=12 
recordings). Evoked currents decayed significantly at every time point, as compared to 
rILN-evoked dopamine release (gray trace; n=12 recordings). (D) 10 µM mecamylamine 
significantly attenuated dopamine release (n=5 slices) as compared to control aCSF (n=8 
recordings). (E) ChR2-eYFP virus was injected in the Pf and optic fibers were bilaterally 
implanted in the DS (left) prior to testing mice in the oICSS paradigm. Mice did not press 
the light-paired lever (blue) significantly more than non-reinforced lever (black; N=7 
mice; right). Scale bars: 250 µM. Post hoc Holm-Šidàk test (C,E); Unpaired t-test (D): 
**P<0.01, ****P<0.0001. Data represent mean ± SEM (individual values in gray). 
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2.4 Discussion 

These data support the notion that the rILNDS pathway activates cholinergic 

interneurons to drive local dopamine release from nigrostriatal terminals and that activity 

of this thalamostriatal pathway is associated with nigrostriatal terminal activity in vivo. 

These data show that local striatal dopamine release is sufficient to support behavioral 

reinforcement.  

While the rILN has not been studied in depth, Li and colleagues’ recent 

demonstration of rILNDS -mediated incubation of drug seeking supports a role for this 

thalamic region in reward-related behavior (2018). Given that the rILN is innervated by 

sensory processing structures (Van der Werf et al., 2002), this pathway may relay salient 

sensory cues to inform actions. Furthermore, specific rILNDS projections are linked to 

movement kinematics (Chen et al., 2014) as well as behavioral flexibility and attentional 

set-shifting (Kato et al., 2018). Taken together, the Pf and rILN likely act in concert to 

shape striatal dopamine signals to mediate action response to reward-related cues.  

Our finding that cholinergic interneuron ablation disrupted behavioral 

reinforcement on the first test day suggests that rILN-evoked behaviors may be mediated 

through the combination of rILN synapses on other striatal cell populations to facilitate 

the behavioral reinforcement observed on the second test day. Alternatively, the Day 2 

lever pressing effect may arise from plastic changes at rILNMSN synapses that 

developed in the absence of cholinergic interneurons. Future work is necessary to 

determine the possible contribution of rILNMSN synapses in supporting behavioral 

reinforcement in a dopamine- and acetylcholine-independent manner.  
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A comparison of rILN and Pf projections to DS suggest that they have distinct 

axon morphology, axo-dendritic connections (Lacey et al., 2007) and plasticity 

mechanisms (Ellender et al., 2013). Taken together with possible activation of the 

presynaptic mGluR2/3 and D2 autoreceptors on thalamic and nigrostriatal afferents, 

respectively, rILN projections may uniquely synapse on cholinergic interneurons to 

support the observed differences in dopamine release as compared to Pf afferents. 

Interestingly, mice exhibited a preference (although not significant) for Pf stimulation 

upon lever reversal on Day 2, which is reminiscent of Pfcholinergic interneuron 

pathway -mediated reversal learning (Bradfield et al., 2013). 

Combined with potential cholinergic interneuronnigrostriatal terminal and Pf 

cholinergic interneuronnigrostriatal terminal pathways, our presently described rILN 

cholinergic interneuronnigrostriatal terminal circuit reveals another possible local DS 

dopamine release pathway. This suggests that somatic activity is only one contributor to 

dopamine release and approaches that exclusively examine this dimension may not fully 

capture the dynamic signaling occurring at the striatal level that guides behavior (Berke, 

2018). Interestingly, nigrostriatal axons extensively arborize; a single neuron gives rise to 

an estimated one million synapses (Matsuda et al., 2009; Pissadaki & Bolam, 2013). 

Local axo-axonic circuits may thus provide more spatially-restricted dopamine signaling 

that may be driven by associative thalamic structures encoding salient sensory 

information. Cortical afferent stimulation also evokes dopamine release in striatal slices 

through cholinergic interneuron activation (Kosillo et al., 2016, Mateo et al., 2017), 

which further suggests that axo-axonic synapses for local DS dopamine release are a 
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recurring theme. Indeed, these synaptic configurations are frequently observed in electron 

microscopy studies, including in the DS (Soghomonian et al., 1989).  

The expanse of pathologies involving dopamine dysfunction potentially 

implicates the rILNDS circuit in a variety of neuropsychiatric disorders. The 

degeneration of the nigrostriatal pathway in Parkinson’s disease is associated not only 

with motor dysfunction (Wichmann & DeLong, 2003), but also motivational (Renfroe et 

al., 2016) and cognitive deficits (Hanganu et al., 2015). Degeneration of thalamostriatal 

projections is reported in Parkinson’s disease (Halliday, 2009; Smith et al., 2014), which 

suggests that loss of rILNDS –mediated dopamine signaling may contribute to disease 

symptomology (Melief et al., 2018). Further, aberrant DS dopamine transmission is 

implicated in both attention deficit/hyperactivity disorder (del Campo et al., 2013; 

Volkow et al., 2007a) and drug abuse (Volkow et al., 2007b). Investigating how the 

rILNDS circuit contributes to these disease states stands to reveal novel targets for 

therapeutic intervention. 
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Chapter III: The rostral intralaminar nuclear complex of the thalamus sculpts 

striatal output to support action reinforcement2 

3.1 Introduction 

Classic models of basal ganglia function regard the dorsal striatum as an 

integrator of cortical glutamatergic signaling that is modulated by reward signals arising 

from midbrain dopaminergic input to support the reinforcement of actions directed 

toward the acquisition of rewards necessary for survival (Albin et al., 1989; DeLong & 

Wichmann, 2009; Gerfen & Surmeier, 2011; Kreitzer & Malenka, 2008; Redgrave et al., 

2011). Briefly, action selection is proposed to occur through activation of corresponding 

striatal output neuron ensembles by extrinsic excitatory inputs. Actions that result in 

novel or rewarding outcomes are reinforced through dopaminergic modulation of those 

striatal circuits that facilitated execution of the action. While several studies highlight the 

fact that thalamic nuclei directly project to the striatum (Alloway et al., 2017; Ding et al., 

2008; Parker et al., 2016; Smith et al., 2014), these nuclei are far less represented in basal 

ganglia models. This reflects our relatively poor understanding of the functional role of 

thalamostriatal signaling in action reinforcement. 

The intralaminar nuclei are the primary source of thalamic excitatory input into 

the striatum (Elena Erro et al., 2002; Parent et al., 1983). Segregated into rostral and 

caudal subdivisions, these nuclei receive input from a wide array of cortical and 

subcortical centers, but it is unclear which of these inputs are routed to the striatum or the 

cortex, as both subdivisions project to these areas (Groenewegen & Berendse, 1994). The 

caudal intralaminar nuclear group responds to salient sensory cues in monkey 

 
2 Kara K. Cover, Abby G. Lieberman, Morgan M. Heckman & Brian N. Mathur. In preparation 
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(Matsumoto et al., 2001) and in rodents detects changes in action-outcome contingencies 

to facilitate behavioral flexibility (Bradfield et al., 2013; Bradfield & Balleine, 2017; 

Yamanaka et al., 2018). The rostral intralaminar nuclei (rILN), comprised of central 

lateral (CL), paracentral (PC), and central medial (CM) nuclei are less studied. Recent 

work implicates rILN function in reinforcing actions: the rILN facilitates the execution 

and switching of learned actions (Kato et al., 2018) and drives behavioral reinforcement 

(Cover et al., 2019; Johnson et al., 2020). Together, these data suggest that these thalamic 

nuclei contribute to action reinforcement, but the information that the rILN integrates and 

relays to the striatum is unknown.  

Here, we explored how the rILN-to-striatum circuit guides action reinforcement. 

We discover that the rILN integrates cortical, midbrain, and hindbrain information and 

dynamically signals at both the initiation of an action and during reward acquisition. 

Activation and inhibition of striatally projecting rILN neurons enhanced or impaired 

action performance, respectively. Additionally, we discovered that rILN synapses onto 

indirect pathway neurons undergo long-term synaptic depression. These data support the 

notion that the rILN is a central integrator sculpting striatal output for action 

reinforcement.   

3.2 Materials and Methods 

Subjects 

2-5 month-old male and female C57BL/6J (wild-type) and Drd1a-tdTomato (bred 

on a C57Bl/6J × SJL background; Jackson Laboratories) mice were housed in a 

temperature and humidity controlled vivarium under a 12-hour light/dark cycle (lights on 

at 0700 hr). Mice were housed with littermates (2-5) per cage, except for those singly 
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housed following fiber or cannula implantation. Mice performing operant tasks were 

weighed and fed daily to maintain 90% of ad libitum weight; all others received ad 

libitum food and water. All experiments were performed in accordance with the United 

States Public Health Service Guide for Care and Use of Laboratory Animals and were 

approved by the Institutional Animal Care and Use Committee at the University of 

Maryland, Baltimore.  

Surgical Procedures 

Mice were anesthetized with isoflurane (5% induction, 1-2% maintenance) and 

head-fixed in a mouse stereotaxic apparatus (Kopf Instruments, Tujunga, CA). 

Bupivacaine hydrochloride (0.25%; s.c.) was applied to the scalp prior to incision. 

Viruses were infused at a rate of 25 nl/min using a 25G syringe (Hamilton Company, 

Reno, NV). All mice received carprofen (5mg/kg; s.c.) and recovered for a minimum of 7 

days to prior to behavioral testing. 

For fiber photometry experiments, AAVrg-EF1a-mcherry-IRES-Cre was 

unilaterally injected in the dorsal striatum (DS) (600 nl; distance from bregma in mm, 

(AP) +0.65, (ML) 1.70, (DV) -3.00) and two unilateral injections of AAV5-Syn-Flex-

GCaMP6s were made in the rILN (300nl/injection; (AP) -1.25 and -1.95, (ML) 0.75, 

(DV) -3.00). In a separate surgery 3-4 weeks after, a low numerical aperture (NA; 0.22) 

fiber (200um core, Thorlabs) was implanted in the rILN ((AP) -1.60, (ML) 0.76, (DV) -

3.00). For optogenetic manipulations, AAVrg-EF1a-mCherry-IRES-Cre was bilaterally 

injected in the DS (as stated above) and either 

AAV5.EF1a.DIO.eNpHR3.0.eYFP.WPRE, AAV5.EF1a.DIO.hSyn.ChR2.eYFP.WPRE, 

or AAV5.EF1a.DIO.eYFP.WPRE was injected in the rILN (350 nl/hemisphere; (AP) -
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1.40, (ML) ± 0.75, (DV) -3.50). Optic fibers (NA 0.66, 200um core, Prizmatix, Givat-

Shmuel, Israel) were later implanted in the rILN: one at ((AP) -1.60, (ML) -0.75, (DV) -

2.70) and the second at a 20° AP angle ((AP) -2.58, (ML) +0.75, (DV) -3.03). For the 

chemogenetic inhibition experiment, AAV8-hSyn-hM4Di-mCherry) or AAV8-hSyn-

mCherry was bilaterally injected into the rILN (32 0nl/hemisphere; (AP) -1.40, (ML) 

±0.35, (DV) -4.20). Stainless steel guide cannula (26 gauge, P1 Technologies, Roanoke, 

VA) were bilaterally implanted in the DS ( at 10º ML angle; (AP) +0.65, (ML) ± 2.09, 

(DV) -2.30) and dummy internals were inserted into the guide cannula. All implants were 

secured with skull screws (BASi, West Lafayette, IN), and dental cement. 

For electrophysiology experiments, AAV5-hSyn-hChR2(H134R)-eYFP was 

injected in the rILN (275 nl/hemisphere; (AP) -1.4, (ML) ± 0.35, (DV) -3.55) of Drd1a-

tdTomato mice (to patch visually distinguished striatal D1- or D2-MSNs) or retrograde 

AAVrg-EF1a-tdTomato was injected in the DS (same coordinates and volume as 

previously listed) in wild-type mice (to patch tdTomato-labeled rILN neurons). 

Tran-Synaptic Target-Specific Tracing (TranSTarT) was performed to identify 

inputs to DS-projecting rILN neurons. Mice were bilaterally injected with AAVrg-CAG-

FLEX-tdTomato-WPRE in the DS (600nl/hemisphere; (AP) +0.65, (ML) ± 1.70, (DV) -

3.00). Afferent regions of interest were unilaterally injected with AAV1-hSyn-Cre-

WPRE-hGH as well as Fluorogold (20 nl; Fluorochrome LLC, Denver CO) to label the 

injection site. Unilateral injection hemisphere was counterbalanced across animals for 

each input region. Stereotaxic coordinates and virus volumes are as follows: OFC ((AP) 

+2.50, (ML) 1.00, (DV) -2.20; 250 nl), ACC ((AP) +1.00, (ML) 0.30, (DV) -1.10; 200 

nl), SUM ((AP) -2.40, (ML) 0.50, (DV) -5.65; 150 nl), SN ((AP) -3.20, (ML) 1.50, (DV) 
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-4.80; 250 nl), SC ((AP) -3.50, (ML) 0.80, (DV) -2.75; 240 nl), RF ((AP) -4.20, (ML) 

0.75, (DV) -4.25; 310 nl), and PPN ((AP) -4.70, (ML) 1.20, (DV) -3.00; 250 nl). 

Immunohistochemistry was performed to confirm virus expression and implant 

placement; animals were excluded from experiments for poor virus expression at target 

regions or viral expression in non-target regions. 

Brain Slice Preparation 

Mice were deeply anesthetized with isoflurane before rapid decapitation and brain 

removal. 250 µm thick coronal slices were prepared in ice cold, 95% oxygen, 5% carbon 

dioxide (carbogen)-bubbled modified aCSF (In mM: 194 sucrose, 30 NaCl, 4.5 KCl, 1 

MgCl2, 26 NaHCO3, 1.2 NaH2PO4, and 10 D-glucose) before incubating at 32 °C for 

30 min in aCSF (in mM: 124 NaCl, 4.5 KCl, 2 CaCl2, 1 MgCl2, 26 NaHCO3, 1.2 

NaH2PO4, and 10 D-glucose). Slices were then stored at room temperature until 

recording. 

Slice Electrophysiology 

Striatal or thalamic brain slices were transferred to the recording chamber and 

perfused with carbogen-bubbled aCSF(in mM; 124 NaCl, 4.5 KCl, 2 CaCl2, 1 MgCl2, 26 

NaHCO3, 1.2 NaH2PO4, and 10 D-glucose) at 29-31°C. Whole-cell recordings were 

made with borosilicate glass pipettes (2-5 MΩ). For recordings from striatal MSNs, 

visually-identified tdTomato-expressing D1-MSNs or putative D2-MSNs were voltage-

clamped at -60 mV with a MultiClamp 700B amplifier (Molecular Devices) and 

recordings were filtered and digitized at 2 and 10 kHz, respectively. aCSF containing 50 

uM picrotoxin was perfused on slices through a gravity perfusion system and a 
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CsMeSO3-based internal solution (in mM: 120 CsMeSO3, 5 NaCl,10 TEA-Cl, 10 

HEPES, 5 QX-314, 1.1 EGTA, 4 Mg-ATP, and 0.3 Na-GTP; 290-300 mOsm and pH 7.3) 

was used to record oEPSCs evoked with 2-4 ms 473 nm light pulses. rILNMSN input-

output curves were obtained from optically-evoked paired-pulse oEPSCs obtained at a 

range of 7 light intensities, repeated 5 times to obtain an average amplitude at each 

intensity. For plasticity recordings, a spike timing- dependent plasticity protocol was 

delivered after acquiring a stable five-minute paired-pulse oEPSC baseline. MSNs were 

depolarized to 0 mV for 5 ms followed by a 4ms light pulse 10 ms later, repeated for 1 s 

at 5 Hz (Master-9 pulse stimulator; AMPI, Jerusalem, Israel). This protocol was repeated 

every 5 s for a total of 24 trains, followed by an additional 15 minutes of paired-pulse 

oEPSC recordings. oEPSC amplitudes were averaged per min and expressed as a percent 

change from baseline measurements. The averaged baseline was statistically compared 

with the averaged last 5 min of recording. Data was acquired with Clampex 10.4.1.4 and 

analyzed with Clampfit 10.4.1.4 (Molecular Devices). Cells were excluded if the series 

resistance changed more than 15% through the course of the experiment. 

rILN neurons were recorded with a potassium-based internal solution (in mM: 

126 potassium gluconate, 4 KCl, 10 HEPES, 4 ATP-Mg, 0.3 GTP-Na, and 10 

phosphocreatine; 290-295 mOsm; pH 7.3) containing a hydrazide dye conjugated with 

Alexa Fluor 488 (40mM) to allow for post-hoc identification of cell location within the 

rILN. Membrane capacitance and resistance were collected at -60 mV voltage clamp 

configuration, whereas the resting membrane potential was obtained in current-clamp. 

Input resistance was calculated from the mV change induced by a 140 pA 

hyperpolarizing current step. Calculation of the accommodation index for rILN AP 
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spiking was based on the entire 0.5s current injection step that elicited maximum firing as 

previously calculated (White & Mathur, 2018). Cells that did not maintain sustained 

firing (i.e. resulted in a depolarization block) were excluded from this analysis. Cells 

were determined to reside in CL, PC, and CM nuclei based on the Franklin & Paxinos 

Mouse Atlas (2008). 

Behavioral Testing 

Fixed-ratio 5 (FR5) lever press operant paradigm 

Food-restricted mice were trained to lever press for pellets in an operant chamber (21.6 x 

17.8 x 12.7 cm chamber, Med Associates Inc., Fairfax, VT) containing a retractable lever 

and a trough pellet receptacle equipped with an IR beam that delivered 14 mg sucrose 

pellets (#F05684, BioServ, Frenchtown, NJ). On each trial, the lever extended into the 

chamber and retracted once the mouse retrieved a rewarded sucrose pellet (for completed 

trials) or after the response time limit passes. Mice received two 30-minute training 

sessions per day with criterion to progress to the next training schedule consisting of ≥ 30 

completed fixed-ratio trials for 2 consecutive sessions. Training started on FR1 and 

progressed to FR3 and FR5, all without time limit restrictions to complete the press 

sequence. Mice were then trained to complete the FR5 sequence under increasing time 

constraints (time from lever extension), progressing through 30 s, 15 s, 10 s, 7.5 s, and 5 s 

schedules. Some mice were unable to successfully perform on FR5-5s and remained at 

FR5-7.5s for further testing. Optogenetic or chemogenetic manipulations were 

administered once mice achieved consistent performance at or above criterion on their 

terminal protocol (approximately 8-10 sessions). 

In vivo Optogenetics  
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For FR5 optogenetic experiments, 470-nm light was delivered bilaterally during 

experimental sessions using an LED system (Plexon, Dallas, TX). Our group previously 

demonstrated that 470-nm light sufficiently activates eNpHR channels to inhibit neuronal 

activity (White et al., 2018, 2020). For optical inhibition, light was delivered pseudo-

randomly on 33% of the trials with performance averaged across four consecutive 

sessions, comparing performance with non-light delivered trials. For optical activation, 

light was delivered pseudo-randomly on 33% of the trials with performance averaged 

across six consecutive sessions, comparing performance with non-light delivered trials. 

Chemogenetic Inhibition 

FR5-trained mice expressing either hM4Di-mCherry or mCherry control fluorophore in 

the rILN and bilateral cannula implants in the DS were tested on the FR5-10 s paradigm. 

We chose to test mice on this intermediate protocol in order to identify changes in action 

execution, such as lengthened press latencies, that may be induced by rILN inhibition. 

Test sessions were conducted over two days. On the first day, mice were infused with 

0.9% saline vehicle (600 nl per hemisphere at 150 nl/minute via 33G microinjectors (P1 

Technologies, Roanoke, VA) connected to 22G Hamilton syringes, with 3 minute post-

infusion incubation), and tested 40 minutes later on the FR5-10 s protocol to provide a 

baseline measure of performance. Mice received an additional training session on their 

terminal protocol (FR5-5s or -7.5s) before undergoing a second FR5-10s test session 24 

hr after the baseline test, with 600 nl of 20 mM clozapine-N-oxide (in saline vehicle; 

Abcam) infused in the DS at 150 nl/minute. 

Conditioned Reinforcement 
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To assess for rILN neuronal activity related to reward-related cues, food-restricted 

behaviorally-naïve mice expressing GCaMP6s in striatally projecting rILN neurons with 

a multimode fiber implanted in the rILN underwent a Pavlovian conditioned 

reinforcement paradigm. For one cohort (“Tone-paired”), a 2 s 10 kHz tone was 

presented pseudo-randomly during 30 s long trials and co-terminated with the dispensing 

of a sucrose pellet. A control cohort (“Tone-unpaired”) received tone and pellet each 

pseudo-randomly. Mice received 6 30 minute sessions of these respective paradigms. To 

test for the effect of reward devaluation on rILN activity, mice received an additional 3 

sessions of their respective protocols that were each proceeded by 30 minutes of free 

feeding of sucrose pellets in their home cage. 

Open Field Assay 

Mice expressing GCaMP6s in striatal-projecting rILN neurons were assessed for 

movement-related rILN activity in a two-chambered arena (70 x 30 x 25 cm) using 

Ethovision XT video recording (Noldus). Following habituation and multiple 15-minute 

recorded sessions, weigh boats filled with strawberry milk (Nesquik) were placed in two 

corners of the arena and empty weigh boats were placed in the opposite two corners. 

rILN photometric activity was aligned to when the mouse’s center of body passed within 

5 cm of the weigh boats. 

Reward Consumption Assay 

To directly correlate rILN photometric activity to reward consumption, mice were placed 

under a reverse 12-hr light cycle (lights off at 0900) for two weeks before rILN 

photometry recordings were collected while given access to 2 and 8% (w/v) sucrose 

water connected to a custom lickometer (Patton et al., 2020). Licks were recorded using 
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Axoscope software (Molecular Devices) and rILN photometry signal was aligned via 

custom MATLAB code to the start of lick bouts. Bouts were defined as 2 or more licks 

with an inter-lick interval of less than 2 s. 

Fiber Photometry 

Photometry data were collected using a customized in vivo fiber photometry 

system. Two single-wavelength laser modules were used: a 473 nm laser for optimal 

GCaMP6s excitation and a 405 nm laser to excite GCaMP6s at its isosbestic wavelength 

(Opto Engine, Midvale, Utah). Emission from 405 nm excitation was used to control for 

signal artifacts due to photometry cable motion, background fluorescence, and other 

sources of noise (Kim et al., 2016). The two lasers were multiplexed at 10 or 15 Hz, 

resulting in a continuous 20 or 30 Hz pulse train. Both laser beams were bounced into a 

dichroic filter cube designed for 473 and 405 nm excitation as well as for 510 nm 

emission (Chroma Technology Corp., Bellow Falls, VT). The two excitation wavelengths 

were focused through a 4x fluorite objective (Olympus, Tokyo, Japan) onto a multimode 

fiber bundle (Thorlabs Inc., Newton, NJ). One fiber was connected to the mouse through 

a chronic multimode fiber implant and another fiber was placed inside a tube of Alexa 

Fluor 488 to control for variability in laser energy. Emissions from GCaMP6s and Alexa 

Fluor 488 were detected as an image of the fiber bundle using an ORCA-Flash4.0 LT 

high-resolution CMOS camera (Hamamatsu Photonics, Hamamatsu City, Japan). Laser 

multiplexing and image acquisition were synchronized using an Arduino Leonardo 

microcontroller. Trial or time-dependent recordings were initiated through MedPC or 

Ethovision systems. Camera image acquisition parameters were controlled through 

HCImage software for Hamamatsu cameras. 
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Immunohistochemistry 

Mice were transcardially perfused with room-temperature 0.1M Phosphate 

Buffered Saline (PBS), pH 7.3, followed by ice-cold 4% (w/v) paraformaldehyde in PBS. 

Brains were extracted and post-fixed with 4% paraformaldehyde in PBS at 4º C. 50um 

coronal sections were cut using a Leica VT100S vibrating microtome. Goat anti-GFP 

(Abcam) and chicken anti-mcherry (Novus Biologicals) primary antibodies were used at 

a 1:2000 dilution. Donkey anti-goat conjugated to Alexa Fluor 488 (Jackson 

ImmunoResearch) and donkey anti-chicken conjugated to Alexa Fluor 594 (Jackson 

ImmunoResearch) secondary antibodies were used at a 1:1500 dilution. The Brain BLAQ 

protocol (Kupferschmidt et al., 2015) was used for immunohistochemistry following 

electrophysiology. 

Quantification and Statistical Analysis 

Electrophysiological data were analyzed using Clampex software. Statistical 

analyses were performed in Prism (version 6.01; GraphPad Software, San Diego, CA) or 

MATLAB (R2019a; The MathWorks, Inc., Natick, MA).  

Photometry data were analyzed using a combination of custom MATLAB code 

and Prism. Pixel intensities imaged from the fiber implanted in the rILN and the 

fluorophore control fiber were first averaged. The background signal in the absence of 

laser transmission was then subtracted from the averaged signals. Two separate 

regressions were performed to minimize any noise sources. First, 473- and 405-nm 

photometry signals were regressed with the corresponding control fluorophore signal, and 

the residuals of the regression were then used for further processing. The 473-nm signal 
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was then regressed with the 405-nm signal as a covariate, and the residuals of the 

regression were extracted as the fully processed photometry signal (z-score) from the 

rILN. The photometry signal was then statistically analyzed based on performance or 

operant task event (i.e. movement-aligned activity or FR trial outcome). For each analysis 

comparing two or more categories of rILN signal, the number of averaged events or trials 

were standardized across each compared category for each animal. The average z-score 

for three consecutive time points were statistically analyzed with the appropriate t-test or 

ANOVA. Signal area under the curve was computed in MATLAB. 

All statistical analyses are reported in the Results. ANOVA post-hoc results are 

included in the applicable figures. The specific statistical test as well as value and 

description of n are listed in the figure legends. Averaged data is expressed as mean ± 

standard error. Significant post-hoc Holm-Ŝidàk tests for ANOVAs are indicated in the 

figures. Asterisks in figures indicate: * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 

0.0001 

Immunohistochemistry 

Mice were transcardially perfused with room-temperature 0.1M Phosphate 

Buffered Saline (PBS), pH 7.3, followed by ice-cold 4% (w/v) paraformaldehyde in PBS. 

Brains were extracted and post-fixed with 4% paraformaldehyde in PBS at 4º C. 50um 

coronal sections were cut using a Leica VT100S vibrating microtome. Goat anti-GFP 

(Abcam) and chicken anti-mcherry (Novus Biologicals) primary antibodies were used at 

a 1:2000 dilution. Donkey anti-goat conjugated to Alexa Fluor 488 (Jackson 

ImmunoResearch) and donkey anti-chicken conjugated to Alexa Fluor 594 (Jackson 

ImmunoResearch) secondary antibodies were used at a 1:1500 dilution. The Brain BLAQ 
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protocol (Kupferschmidt et al., 2015) was used for immunohistochemistry following 

electrophysiology. 

Quantification and Statistical Analysis 

Electrophysiological data were analyzed using Clampex software. Statistical 

analyses were performed in Prism (version 6.01; GraphPad Software, San Diego, CA) or 

MATLAB (R2019a; The MathWorks, Inc., Natick, MA).  

Photometry data were analyzed using a combination of custom MATLAB code 

and Prism. Pixel intensities imaged from the fiber implanted in the rILN and the 

fluorophore control fiber were first averaged. The background signal in the absence of 

laser transmission was then subtracted from the averaged signals. Two separate 

regressions were performed to minimize any noise sources. First, 473- and 405-nm 

photometry signals were regressed with the corresponding control fluorophore signal, and 

the residuals of the regression were then used for further processing. The 473-nm signal 

was then regressed with the 405-nm signal as a covariate, and the residuals of the 

regression were extracted as the fully processed photometry signal (z-score) from the 

rILN. The photometry signal was then statistically analyzed based on performance or 

operant task event (i.e. movement-aligned activity or FR trial outcome). For each analysis 

comparing two or more categories of rILN signal, the number of averaged events or trials 

were standardized across each compared category for each animal. The average z-score 

for three consecutive time points were statistically analyzed with the appropriate t-test or 

ANOVA. Signal area under the curve was computed in MATLAB. 
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All statistical analyses are reported in the Results. ANOVA post-hoc results are 

included in the applicable figures. The specific statistical test as well as value and 

description of n are listed in the figure legends. Averaged data is expressed as mean ± 

standard error. Significant post-hoc Holm-Ŝidàk tests for ANOVAs are indicated in the 

figures. Asterisks in figures indicate: * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 

0.0001 

3.3 Results 

Striatal-projecting rILN neurons exhibit uniform properties 

The rILN consists of a continuous band of cells within the internal medullary 

lamina that is parcellated into CL, PC, and CM nuclei (Berman & Jones, 1982). Although 

anatomical tracing suggests subtle differences in afferent and efferent connectivity among 

these three subregions (Van der Werf et al., 2002), it is unclear whether these nuclei 

represent functionally distinct cellular groups. We investigated whether striatally 

projecting rILN neurons exhibited physiological differences across the three nuclear 

divisions using whole-cell patch clamp electrophysiology. We injected a retrograde 

traveling tdTomato-expressing virus in the dorsal striatum of mice and collected 

electrophysiological properties from labeled rILN neurons in acute slice (Fig. 3.1A-B). 

We found that neurons across the three nuclei did not significantly differ in membrane 

capacitance (Fig. 3.1C; F(2,40)=1.242, P=0.30), membrane resistance (Fig. 3.1D; 

F(2,40)=1.212, P=0.31), input resistance (Fig. 3.1E; F(2,40)=0.520, P=0.60), or resting 

membrane potential (Fig. 3.1F; F(2,40)=0.124, P=0.88).  

To assess differences in intrinsic firing properties, we injected a current ramp to 

induce action potential (AP) firing. We did not observe a significant difference in the AP 
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threshold between the three nuclei (Fig. 3.1G; F(2,40)=2.684, P=0.08). Following a series 

of 0.5 s current steps, the maximum firing rate, as calculated from the first six APs, did 

not differ between neurons from the three rILN nuclei (Fig. 3.1H; F(2,39)=1.411, 

P=0.26). AP accommodation was also not different between the nuclei (Fig. 3.S1A; 

F(2,35)=1.671, P=0.20). We observed that hyperpolarizing current steps induced post-

hyperpolarization burst firing (as shown in Fig. 3.1B) and did not find differences in 

either the burst inter-spike interval (Fig. 3.S1B; F(2,35)=1.003, P=0.38) or AP number 

(Fig. 3.S1C; F(2,40)=2.837, P=0.07). 
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Figure 3.1: Striatal-projecting neurons of the rostral intralaminar thalamus exhibit 
uniform physiological properties. A. Top left: Schematic of experimental strategy to 
label dorsal striatal (DS) -projecting neurons of the rostral intralaminar nuclei of the 
thalamus (rILN). Top right: a patched neuron (GFP) among tdTomato-labeled rILN 
neurons (mCherry). Bottom left:  Representative expression of retrogradely-expressed 
tdTomato at the site of injection in the DS. Bottom middle and left: tdTomato-labeled 
neurons in the rILN. B. Representative traces showing central medial (CM), paracentral 
(PC), and central lateral (CL) neuronal responses to a range of 500 ms current injection 
steps. C. Top: Neuronal membrane capacitance of rILN neurons mapped across three 
rostral-caudal coronal planes in light to dark color gradient spanning minimum to 
maximum value (gradient scale at top right). Bottom: Membrane capacitance did not 
differ between CM (n=17), PC (n=12), and CL (n=13) nuclei. D-H. Same as C, but 
analysis of membrane resistance (C), input resistance (D), resting membrane potential 
(F), action potential (AP) threshold (G), and maximum firing rate elicited by current steps 
(H; CM n=16), for which no significant differences existed between the three rILN 
nuclei. Scale bars: 100 um (A top right), 500 um (A bottom), 20 mV and 200 ms (B). 
One-way ANOVA (C-H). n = number of cells. See also Supplemental Figure 3.S1. 
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Figure 3.S1. Additional rILN firing properties. A. The accommodation index for the 
depolarizing current step that produced the maximum firing rate did not differ 
significantly between CM (n=16), PC (n=9), and CL (n=12) neurons. B. Action potential 
(AP) burst firing following hyperpolarizing current steps did not significantly differ in 
inter-spike interval (ISI) between CM (n=13), PC (n=12), and CL (n=12) neurons. C. The 
number of APs evoked following hyperpolarizing current steps did not differ 
significantly between CM (n=17), PC (n=12), and CL (n=13) neurons. One-way ANOVA 
(A-C). n = number of cells. 
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The rILN integrates sub-cortical and cortical circuits for striatal modulation 

Although an extensive number of inputs to the rILN are identified (Van der Werf 

et al., 2002), it is unknown whether these afferents differentially synapse on rILN 

neurons that project to the cortex or striatum. Thus, we next sought to identify afferents 

to striatally projecting rILN neurons. To do this, we applied a novel viral strategy we 

term Tran-Synaptic Target-specific Tracing (TranSTarT). TranSTarT involves injection 

of an anterograde transsynaptic AAV1 viral construct (AAV1-hSyn-Cre-WPRE-hGH) 

that expresses cre recombinase into a region of interest upstream of the rILN and a 

retrogradely traveling cre-dependent tdTomato -expressing virus (AAVrg-CAG-FLEX-

tdTomato-WPRE) in the dorsal striatum (Fig. 3.2A). This viral approach produces 

tdTomato labeling in all striatal-projecting neurons postsynaptic to the neurons at the site 

of AAV1-cre injection. We used this method to qualitatively interrogate known 

excitatory rILN afferents. We found that both the anterior cingulate (Fig. 3.2C, 3.S2A) 

and orbitofrontal (Fig. 3.2D, 3.S2B) cortices synapse on ipsilateral striatally projecting 

rILN neurons and lesser so on contralateral rILN neurons. We also found that projections 

arising from the glutamatergic/GABAergic hypothalamic supramammillary nucleus 

(Hashimotodani et al., 2018), innervates the CM and contralateral CL (Fig. 3.2E, 3.S2C). 

Previous tracing studies indicate that the rILN receives input from the basal 

ganglia output projection, the substantia nigra pars reticulata (Kaufman & Rosenquist, 

1985), as well as from other nigral targets including the superior colliculus (Yamasaki et 

al., 1986), reticular formation (Krout et al., 2002), and pedunculopontine nucleus 

(Hallanger et al., 1987; Huerta-Ocampo et al., 2020). We observed that projections from 
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all four of these regions synapse on both ipsi- and contra-lateral striatal-projecting rILN 

neurons (Fig. 3.2B,F-H, 3.S2D-F). 
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Figure 3.2. Afferent innervation of striatally projecting rILN neurons. A. 
Experimental strategy for Tran-Synaptic Target-specific Tracing (TranSTarT). B. Top 
left: Injection site for retrograde cre-dependent tdTomato expressing virus (mCherry) in 
DS. Top right:Injection sites for AAV1-cre and fluorogold expression in the superior 
colliculus (DAPI; SC). Middle: Representative tdTomato labeling (mCherry) of striatal-
projecting rILN neurons postsynaptic to SC projections. Bottom: Summary of SC 
connectivity to ipsilateral (black arrows) and contralateral (gray arrows) rILN central 
lateral (CL) and central medial (CM) nuclei with relative labeling density denoted by 
arrow line width. C. Left: Representative tdTomato labeling (mCherry) of striatal-
projecting rILN neurons postsynaptic to anterior cingulate cortex (ACC) projections. 
Right: Summary of ACC connectivity to rILN nuclei. ACCACCDS di-synaptic 
circuits are also shown. D-H. Same as C but for orbital frontal cortex (OFC; D), 
supramammillary nucleus (SUM; E), substantia nigra (SN; F), reticular formation (RF; 
G), and pedunculopontine nucleus (PPN; H). Summary diagrams are based on 2-4 cases 
per region. See also Supplemental Figure 3.S2. Scale bars: 500 uM. 
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Figure 3.S2. Representative images of virus injection sites for TranSTarT 
experiments. A. Left: Injection sites for AAV1-cre and fluorogold expression in ACC 
(DAPI). Right: Injection site for retrograde cre-dependent tdTomato expressing virus 
(mCherry) in DS. B-F. Same as A but for cases targeting OFC (B), SUM (C), SN (D), RF 
(E), and PPN (F). Scale bars = 500 um. 
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Striatally projecting rILN neurons signal at action initiation and reward acquisition 

Establishing that striatal-projecting rILN neurons display homogenous intrinsic 

electrophysiological properties and integration of a range of cortical, midbrain, and 

hindbrain afferents, we next endeavored to elucidate when this pathway is active during 

goal-directed behavior. Here, we photometrically recorded activity-dependent calcium 

signaling from striatal-projecting rILN neurons in mice learning a lever press operant task 

(Fig. 3.3A). To assess whether rILN neurons respond to sensory stimuli eliciting an 

action, action initiation, termination, kinematic properties, or reward, we trained mice to 

respond to the lever extension by pressing five times in less than five seconds for a 

sucrose pellet reward (Fig. 3.3B). In early training stages mice must complete one, three, 

or five fixed-ratio presses (FR1, FR3, FR5, respectively) with no time limit (NTL) for 

completion. Intermediate schedules consist of progressively shortened response periods 

to complete the FR5, terminating at a 5 s time limit. We found transient increases in rILN 

activity that accompanied the first press in the action sequence across all stages of 

training (Fig. 3.3C). Comparing the average rILN signal z-score at 1.5 s before and 0.3 s 

after the first press, we observed significant differences from the first training protocol 

(fixed ratio 1; FR1), an intermediate schedule (FR5 no time limit for completion; FR5-

NTL), and the final training schedule (FR5-5s time limit; time relative to press: 

F(1,12)=27.26, P=0.0002; schedule: F(2,24)=4.408, P=0.023). We observed similar 

positive fluctuations in rILN activity aligned to subsequent presses in early training 

protocols in which mice complete the FR over an extended period (Fig. 3.3D-F). This 

signaling was not observed for subsequent presses in mice on the terminal training 
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protocol, however (Fig. 3.3D-F; schedule: F(1,12)=34.79, P<0.0001; press: 

F(3,36)=2.146, P=0.11). 

We also examined rILN signaling specific to elements of the FR5 task. We found 

that rILN activity peaked following the extension of the lever into the operant chamber 

on completed trials in intermediate and terminal stages of training and that the magnitude 

of this signal change increased with training (Fig. 3.3G; time relative to lever: 

F(1,12)=17.27, P=0.0013; schedule: F(3,36)=14.49, P<0.0001; interaction: 

F(3,36)=6.776, P=0.001). This lever-aligned activity may reflect first press action 

initiation as mice learn to initiate the press sequence more quickly with training. The 

average initiation latency for completed trials was 8.7 s for FR1 and decreased to 1.9 

seconds (FR5-NTL), 1.1 s (FR5-10s), and 0.76 s (FR5-5s) (Fig. 3.3H; 

F(1.218,14.61)=303.0, P<0.0001). This task initiation -related rILN activity, as measured 

by area under the curve, was negatively correlated with initiation latency on completed 

trials across all FR5 schedules (r = -0.161, P<0.0001, n=6338 trials). 

We then examined whether task initiation rILN activity varies by performance. 

We found that a larger signal accompanied completed trials as compared to incomplete 

trials (pressing 1-4 times) and omitted trials (no presses) (Fig. 3.3I; time relative to lever: 

F(1,12)=16.75, P=0.0015; performance: F(2,24)=1.576, P=0.23; interaction: 

F(2,24)=9.568, P=0.0009). 
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Figure 3.3. rILN signaling aligns to action initiation. A. Top: Experimental strategy 
for photometric recording of striatally projecting rILN neurons. Bottom: Representative 
expression of cre recombinase (mCherry) and cre-dependent GCaMP6s (GFP) in the 
dorsal striatum (DS; left) and rILN (right) with fiber placement in the rILN (right). B. 
Left: Schematic of lever press trial design. Each trial starts with a 3 s inter-trial interval 
(ITI) followed by lever extension. A sucrose pellet is delivered following the fifth press, 
with an 8 s consumption period before the next trial. Right: Cartoon of operant chamber 
with lever and sucrose pellet dispenser. C. Left: Average calcium-dependent activity of 
rILN aligned to first press for the first training schedule (red; Fixed-ratio 1 – no time 
limit; FR1-NTL), an intermediate protocol (orange; FR5-NTL), and the terminal training 
schedule (blue; FR5-5s time limit). Right: rILN activity was significantly greater 0.3 s 
following the first press compared to 1.5 s prior for all three operant schedules (N=13). 
D. Representative rILN signaling from a mouse completing the FR5 sequence on FR5-
NTL (top) and FR5-5s (bottom left) schedules. Gray lines indicate time of lever extension 
and colored lines show individual lever presses. E. Average rILN signal for presses 2-5 
from FR5-NTL (top) and FR5-5s (bottom) schedules. F. The change in z-score from -0.7 
s to 0.4 s (relative to press) was positive for all presses on the FR5-NTL schedule 
(orange) and negative for all presses on the FR5-5s schedule. G. Left: Photometrically 
recorded rILN activity aligned to the extension of the lever on completed FR5 trials from 
FR1 (red), FR5-NTL (orange), FR5-10s (green), and FR5-5s (blue) training schedules. 
Right: rILN signaling increased following lever extension on all schedules except for 
FR1. H. The average latency to initiate pressing progressively decreased with training. ). 
I. Left: lever-aligned rILN signal from completed (blue), incomplete (yellow), and 
omitted (gray) trials in trained mice. Right: The average rILN signal change from -1.0 to 
0.5 s relative to lever extension differed by performance. Scale bars: 500 uM. Two-way 
repeated measures ANOVA (C,F,G,I); one-way repeated measures ANOVA (H). N = 
number of mice. See also Supplemental Figures 3.S3 and 3.S4. 
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To further explore this action initiation signal, we investigated whether rILN 

activity correlates with general movement by recording mice freely moving in an open 

arena (Fig. 3.S3A). We observed increases in rILN signaling aligned to movement onset 

(Fig. 3.S3B; t=2.817, P=0.037) and the maximum velocity achieved during movement 

epochs (Fig. 3.S3C; t=4.116, P=0.009). Significant changes in rILN activity did not 

accompany movement cessation (Fig. 3.S3D; t=0.341, P=0.75).  

We assessed whether this task initiation-related rILN activity may encode other 

aspects of learned goal-directed behavior, such as sensory salience conveyed by the lever. 

We tested this possibility using a Pavlovian conditioned reinforcement paradigm in 

which sucrose pellets were administered at the termination of a tone (Fig. 3.S4A-B). We 

did not find tone-related changes in rILN signaling nor did we observe learning-

dependent changes in either the tone-paired group (Fig. 3.S4C; time relative to tone: 

F(1,5)=2.046, P=0.21; training stage: F(1,5)=2.466, P=0.18) or the tone non-paired 

control cohort (Fig. 3.S4D; time relative to tone: F(1,5)=2.312, P=0.19; training stage: 

F(1,5)=0.204, P=0.67). 

Alternatively, our observation of training-dependent increases in task initiation-

associated rILN activity may reflect the learned expectation of a rewarded action. To test 

this, we recorded rILN signaling after switching FR5 reinforcement to 0%. Mice 

extinguished FR5 pressing within several sessions (Fig. 3.S4F, t=10.9, P<0.0001), but the 

lever-aligned signal on completed (but unreinforced) FR5 trials did not differ 

significantly from reinforced sessions (Fig. 3.S4G; time relative to lever: F(1,12)=19.60, 

P=0.0008; reinforcement: F(1,12)=0.077, P=0.79). In an alternative paradigm, FR5-

trained mice alternated between sessions in which completed trials were reinforced at 
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100% or 50% probability. Lowering the probability of reinforcement did not alter 

performance (Fig. 3.S4H; t=0.943, P=0.37) nor did it produce significant differences in 

lever-aligned rILN activity (Fig. 3.S4I; time relative to lever: F(1,11)=6.682, P=0.025; 

reinforcement rate: F(1,11)=0.086, P=0.78). 
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Supplemental Figure 3.S3. rILN activity correlates with locomotion. A. Velocity-
aligned rILN activity was recorded in mice freely-moving in an open arena. B. Left: 
average rILN signal (blue) aligned to movement onset (gray). Right: rILN signal 
increased at the time of movement onset (N=6). C. Left: rILN activity aligned to 
maximum velocity in movement epochs. Right: rILN signal peak proceeded movement 
epochs. D. Left: rILN activity aligned to movement cessation. Right: Cessation did not 
correspond to changes in rILN signaling. Paired t-test (B-D). N = number of mice. 

  



100 
 

Supplemental Figure 3.S4. Task initiation-related rILN signaling is insensitive to 
sensory cues and reinforcement manipulations. A. Mice underwent a Pavlovian 
conditioning paradigm in which sucrose pellet delivery immediately followed a pseudo-
randomly presented 2 s long tone (tone paired) or in the control group, 2 s tones and 
sucrose pellets were pseudo-randomly delivered (tone non-paired). B. In the last two 
conditioning sessions, the average latency to retrieve delivered sucrose pellets was 
significantly shorter for the tone-paired group than the tone non-paired control cohort 
(t=14.46, P<0.0001). C. Photometric recordings of striatally projecting rILN neurons did 
not show significant differences in activity 1 s before and 1 s after the onset of the tone in 
either early (gray) or late (green) conditioning sessions (N=6). D. rILN activity in the 
non-paired cohort was not significantly different 1 s before and 1 s after the onset of the 
tone in either early (gray) or late (blue) conditioning sessions (N=6). E. Reinforcement 
manipulations were conducted in mice well-trained on the FR5 lever press task in F-I. F-
G. rILN activity was recorded from mice in which completed FR5s were reinforced 
(blue) or not reinforced (gray) with sucrose pellets in separate sessions (N=13). F. Mice 
extinguished FR5 responding over 2-3 sessions in which correct responses were not 
reinforced (data shown from last session). G. Left: Lever extension-aligned striatal-
projecting rILN activity on completed FR5 trials from reinforced (blue) or unreinforced 
(gray) sessions. Right: Comparison of rILN signal at -1.0 s prior to and 0.5 s following 
lever extension on completed FR5 trials. H-I. rILN signaling was recorded in a separate 
cohort of trained mice that alternated between FR5 sessions in which completed trials 
were reinforced at 100% (blue) or 50% (brown) rates (N=12). H. The number of 
completed FR5s did not significantly differ between 100% and 50% reinforcement rate 
sessions. I. Left: Lever-aligned rILN activity on completed FR5 trials for each 
reinforcement rate. The first five completed trials of each session were excluded from 
analysis. Right: Comparison of average rILN signal at -1.0s prior to and 0.5s following 
lever extension on completed trials at each reinforcement rate. Unpaired t-test (B), two-
way repeated measures ANOVA (C-D, G,I), paired t-test (F,H). N = number of mice. 
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Lastly, we observed that the rILN signals at reward acquisition. Sucrose pellet 

retrieval was accompanied by increased rILN activity on all FR training protocols (Fig. 

3.4A; time relative to retrieval: F(1,12)=57.24, P<0.0001; schedule: F(1,12)=10.42, 

P=0.007; interaction: F(1,12)=5.311, P=0.040). Additionally, this signal negatively 

correlated with reward retrieval latency across all FR5 schedules (Fig. 3.4B.; r=-0.123, 

P<0.0001). Reward delivery was necessary for this activity, as unreinforced FR5 trials 

did not elicit changes in rILN signaling (Fig. 3.4C; time relative to head entry: 

F(1,12)=21.01, P=0.006; reinforcement: F(1,12)=5.610, P=0.035; interaction: 

F(1,12)=89.14, P<0.0001). On intermediate training schedules, mice frequently check the 

pellet receptacle in between individual presses. We examined signaling during these 

“premature” receptacle head entries on FRs that will ultimately be completed and 

observed that these events were accompanied by negative fluctuations in rILN activity 

(Fig. 3.4D;  time relative to head entry: F(1,12)=3.536, P=0.085; schedule: 

F(2,24)=0.502, P=0.61; interaction: F(2,24)=0.019).  

We next assessed the generalizability of this reward-related signal in several non-

operant paradigms. We recorded rILN activity from mice freely moving in an arena with 

strawberry milk located in two corners. rILN signaling increased when mice approached 

the strawberry milk -baited corners but not the opposing empty arena corners (Fig. 3.4E; 

time relative to approach: F(1,5)=12.13, P=0.018; corner: F(1,5)=12.54, P=0.017; 

interaction: F(1,5)=7.965, P=0.037). To directly examine rILN signal relative to reward 

consumption, we recorded from mice drinking sucrose water from bottles connected to a 

lickometer. rILN activity significantly increased relative to lick bout onset (Fig. 3.4F; 

t=3.210; P=0.005).  
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Figure 3.4. The rILN signals at reward acquisition. A. Left: rILN activity relative to 
sucrose pellet retrieval on FR1 (red) and FR5-5s (blue) sessions. Right: rILN signaling 
significantly increased following reward acquisition (N=13). B. Across all FR5 training 
schedules, reward retrieval-associated rILN signal negatively correlated with retrieval 
latency (n=6338). C. Left: rILN signaling for receptacle head entries following completed 
FR5s on reinforced (blue) and unreinforced (gray) FR5-5s sessions. Right: rILN activity 
increased on reinforced sessions only. D. Left: rILN signaling aligned to premature food 
receptacle head entries on completed trials for FR1 (red), FR5-NTL (orange), and FR5-
10s (green) schedules. Right: rILN activity significantly decreased on FR5-NTL and -10s 
protocols. E. Velocity (top left) and corresponding rILN activity from mice approaching 
strawberry milk –containing (purple) and empty (gray) corners of an open arena (top 
right) (N=6). rILN signaling increased following entry to strawberry milk-baited corners 
(top right). F. rILN signal relative to sucrose water consumption. Top left: sample trace 
of rILN activity (blue) and corresponding licks (gray). Top right: Cartoon of drinking 
chamber. Bottom: average rILN signal aligned to onset of lick bouts (left) which 
significantly increased following bout onset (right; N=19). Scale bars: 0.3 z-score (D); 1 s 
and 0.2 z-score (F). Two-way repeated measures ANOVA (A,C-E); linear correlation 
(B); paired t-test (F). N = number of mice; n = number of trials. See also Supplemental 
Figure 3.S5. 
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We tested whether reward devaluation may influence rILN signaling. Mice were 

given free access to sucrose pellets prior to 30-minute test sessions in which pellets were 

pseudo-randomly delivered. Devaluation reduced both latency (Fig. 3.S5A; t=3.953, 

P=0.002) and frequency of pellet receptable head entries (Fig. 3.S5B; t=5.068, 

P=0.0004), but did not significantly alter rILN signaling aligned to reward retrieval (Fig. 

3.S5; time relative to head entry: F(1,11)=12.23, P=0.003); reward value: F(1,11)=0.642, 

P=0.44).  
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Supplemental Figure 3.S5. Reward-related rILN signaling is insensitive to reward 
devaluation. rILN activity was recorded from food-restricted mice over multiple sessions 
in which sucrose pellets were pseudo-randomly dispensed (valued condition; red). Mice 
were then recorded for multiple sessions that were proceeded by 30-minute free feeding 
of sucrose pellets in their home cages (devalued condition; gray) (N=12). A. Mice 
retrieved dispensed sucrose pellets at a slower latency in the devalued state. B. Mice 
entered the food receptacle fewer times during devalued sessions. C. rILN signal aligned 
to sucrose pellet retrieval was not significantly different between valued and devalued 
states. Paired t-test (A,B); two-way repeated measures ANOVA (C). N = number of 
mice.  
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rILN-striatal signaling contributes to goal-directed action execution 

To causally test the role of rILN signaling in governing actions, we 

optogenetically inhibited striatally projecting rILN neurons in well-trained mice 

performing the FR5 task (Fig. 3.5A). Delivering light pseudo-randomly on 33% of the 

trials (Fig. 3.5B) to halorhodopsin-eYFP (NpHR-eYFP) or control eYFP -expressing 

mice, we found that rILN inhibition resulted in fewer completed FR5 trials (Fig. 3.5D; 

light delivery: F(1,18)=15.04, P=0.001; virus: F(1,18)=0.380; P=0.38) and more 

omissions (Fig. 3.5C,E; light: F(1,18)=8.404, P=0.009; virus: F(1,18)=0.455; P=0.50). 

Light delivery also increased the latency to initiate lever pressing in NpHR-eYFP but not 

eYFP -expressing mice (Fig. 3.5F; light: F(1,18)=6.707, P=0.019; virus: F(1,18)=8.578; 

P=0.009). Light delivery, however, did not alter the time to complete the FR5 sequence 

for either animal group (Fig. 3.5G; light: F(1,18)=0.077, P=0.78; virus: F(1,18)=0.959, 

P=0.34). NpHR-eYFP mice entered the food port more frequently when the lever was 

extended on light-paired trials (Fig. 3.5H; light: F(1,18)=15.920, P=0.0009; virus: 

F(1,18)=0.151; P=0.70). 
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Figure 3.5. Inactivating the rILN impairs FR5 performance. A. Top: Experimental 
strategy for optical inhibition of striatal-projecting rILN neurons in FR5-trained mice. 
Bottom: Representative cre recombinase (mCherry) and halorhodopsin (eNpHR-eYFP; 
GFP) expression in DS (left) and rILN (right) with optic fibers implanted in the rILN. B. 
Schematic of in vivo 470 nm light delivery during the FR5 trial starting 0.5 s prior to 
lever extension and terminating either 2 s following FR5 completion or at time of lever 
retraction (for incomplete and omitted trials). Light was delivered pseudo-randomly on 
33% of the trials. C. Representative FR5 performance from NpHR-eYFP (left) and eYFP 
(right) –expressing mice. Black bars indicate first and fifth presses, with intermediate 
presses shown in gray, reward retrieval in red, and light delivery indicated by blue 
shading. D. NpHR-eYFP -expressing (N=10) but not eYFP control (N=10) mice 
completed fewer FR5s on light-delivered trials (yellow) than non (black). E. NpHR-
eYFP, but not eYFP, mice had a greater omission rate on light-delivered trials. F. NpHR-
eYFP mice initiated lever pressing significantly slower on light-delivered trials compared 
to both non-light delivered trials and eYFP controls. G. The duration to complete the FR5 
press sequence was not significant different between light and non-light-paired trials for 
either NpHR-eYFP or eYFP control groups. H. NpHR-eYFP mice had a greater number 
of food receptacle entries during lever extension on light-paired trials. Scale bars: 500 
uM. Two-way repeated measures ANOVA (D-H). N = number of mice. 
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We previously reported that systemically suppressing rILN signaling with the 

inhibitory DREADD hM4Di receptor modulated striatal dopamine release and movement 

(Cover, 2019). Here, we investigated whether suppressing rILN terminal activity with 

striatal cannula-delivered clozapine-N-oxide (CNO) modulates FR5 task performance 

(Fig. 3.6A). We found that rILN suppression reduced the number of completed FR5 trials 

in hM4Di-mCherry but not mCherry -expressing mice (Fig. 3.6B,C; drug: F(1,16)=9.655, 

P=0.007, virus: F(1,16)=4.266, P=0.056). hM4Di-mCherry mice also had a greater 

number of incomplete FR5 trials following CNO infusion (Fig. 3.6D; drug: 

F(1,16)=11.96, P=0.003; virus: F(1,16)=1.282, P=0.27). Suppressing rILNstriatal 

signaling also slowed FR5 execution, with hM4Di-mCherry mice pressing at a slower 

rate on completed trials (Fig. 3.6E; drug: F(1,16)=14.38, P=0.002; virus: F(1,16)=3.00; 

P=0.10) and taking longer to complete the FR5 sequence (Fig. 3.6F; drug: 

(F(1,16)=14.36, P=0.002; virus: F(1,16)=2.99, P=0.10). Lastly, we observed that hM4Di-

mCherry mice retrieved rewarded sucrose pellets at a slower latency following CNO 

administration (Fig. 3.6G; drug: F(1,16)=9.410, P=0.007; virus: F(1,16)=2.116, P=0.17; 

interaction: F(1,16)=8.777, P=0.009). 

  



111 
 

Figure 3.6. Suppressing rILN  striatal pathway signaling impairs FR5 
performance. A. Experimental strategy for chemogenetic suppression of striatal rILN 
projections (left) with cannula placement in the DS (middle) and expression of hM4Di-
mCherry or mCherry control virus (mCherry) in the rILN (left), B. Representative FR5-
10s performance of hM4Di-mCherry (left) and mCherry (right) mice following saline and 
20 mM clozapine-N-oxide (CNO) striatal infusions. Black bars indicate first and fifth 
presses, with intermediate and perseverative presses shown in gray, and reward retrieval 
in red. C. hM4Di-mCherry (N=8) but not mCherry controls (N=10) performed fewer 
FR5s following CNO infusion (pink) as compared to saline infusion (black). D. hM4Di-
mCherry -expressing mice initiated more uncompleted FR5 trials following CNO 
infusion. E. hM4Di-mCherry mice had a longer inter-press interval (IPI) following CNO 
infusion. F. hM4Di-mCherry mice took longer to complete the FR5 press sequence 
following CNO infusion. G. hM4Di-mCherry mice had a longer reward retrieval latency 
following CNO infusion compared to saline infusion and mCherry control mice. Scale 
bars: 500 uM. Two-way repeated measures ANOVA (C-G). N=number of mice. 
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We next examined whether activating the rILN enhances FR5 performance. We 

virally expressed channelrhodopsin (ChR2-eYFP) or a control fluorophore (eYFP) in 

striatally projecting rILN neurons (Fig. 3.7A). Light was delivered on 33% of trials for 2 

s starting 1 s prior to lever extension in trained mice (Fig. 3.7B). ChR2-eYFP mice 

completed more FR5s on light-paired trials (Fig. 3.7C; light: F(1,30)=26.81, P<0.0001; 

virus: F(1,30)=0.322, P=0.57; interaction: F(1,30)=14.42, P=0.0007) and 

correspondingly, had a lower omission rate (Fig. 3.7D; light: F(1,30)=43.04, P<0.0001; 

virus: F(1,30)=0.618, P=0.44; interaction: F(1,30)=24.03, P<0.0001), compared to both 

non-light delivered trials and eYFP controls. Interestingly, ChR2-eYFP mice had a longer 

initiation latency on light-paired trials (Fig. 3.7E; light: F(1,30)=0.680, P=0.42; virus: 

F(1,30)=0.655, P=0.44; interaction: F(1,30)=4.795, P=0.037), but this did not appear to 

impair execution, as the rate of incomplete trials was not significantly different from non-

light paired trials and eYFP mice (Fig. 3.7F; light: F(1,30)=0.178, P=0.68; virus: 

F(1,30)=0.311, P=0.58). ChR2-eYFP mice also pressed at a faster rate on light-paired 

trials than non- (Fig. 3.8G; light: F(1,30)=5.595, P=0.025; virus: F(1,30)=0.260, P=0.61). 
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Figure 3.7. rILN activation enhances FR5 performance. A. Top: Experimental 
strategy for in vivo optical activation of striatal-projecting rILN neurons. Bottom: 
expression of cre recombinase (mCherry), and Channelrhodopsin (ChR2; GFP) in the DS 
(left) and rILN (right), where optic fibers were bilaterally implanted. B. 2 s 470 nm blue 
light was delivered 1 s prior to lever extension on 33% of FR5 trials. C. ChR2-eYFP mice 
(N=19) completed more FR5s on light-paired trials (blue) compared to non light-paired 
trials (black) and eYFP control mice (N=13). D. ChR2-eYFP mice had a decreased 
omission rate on light-paired trials than non-paired trials and eYFP control mice. E. 
ChR2-eYFP mice initiated pressing more slowly on light-paired trials. F. Neither animal 
group showed significant differences in rate of uncompleted FR5 trials. G. ChR2-eYFP 
mice pressed at a faster rate on light-paired trials. Scale bars: 500 uM. Two-way repeated 
measures ANOVA (C-G). N = number of mice. 
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rILN innervation of striatal medium spiny neurons 

Our findings of in vivo rILN manipulation bidirectionally modulating action 

execution suggests that this thalamic projection influences basal ganglia signaling. We 

previously functionally characterized the di-synaptic rILN  striatal cholinergic 

interneuron  nigral dopaminergic terminal circuit (Cover et al., 2019). However, rILN 

terminals also synapse on medium spiny neurons (MSNs) (Ellender et al., 2013). We 

investigated whether the rILN differentially innervates D1 and D2 -receptor expressing 

MSNs, as activation of these pathways are attributed to different elements of action 

execution (Cui et al., 2013; Geddes et al., 2018; Kravitz et al., 2010). We virally 

expressed ChR2-eYFP in the rILN of Drd1a-tdTomato mice and collected whole-cell 

patch clamp recordings from D1- and putative D2-MSNs (Fig. 3.8A). Assessing the 

synaptic weighting of optically-evoked excitatory post-synaptic currents (oEPSCs) at 

range of light intensities, we did not find significant differences in oEPSC amplitude at 

any intensity between MSN types (Fig. 3.8B; 0.3 mW: t=1.349, P=0.18; 0.74 mW: 

t=1.210, P=0.23; 1.61 mW: t=0.179, P=0.86; 2.0 mW: t=0.365, P=0.72; 4.1 mW: 

t=0.087, P=0.93; 7.3 mW: t=0.500, P=0.62; 9.9 mW: t=1.085, P=0.28). Additionally, the 

slopes of the oEPSC amplitude input-output curves did not differ between the cell types 

(Fig. 3.8C; t=1.253, P=0.215). oEPSC paired-pulse ratios were also not significantly 

different between D1- and putative D2- MSNs (Fig. 3.8D; t=0.89; P=0.38). 

We next examined whether rILNMSN synapses undergo pathway-specific 

plasticity. We found that 5 Hz light pulses paired with MSN depolarization selectively 

induced long-term depression in putative D2-MSNs (Fig. 3.8E). rILNputative D2-

MSN oEPSC amplitude remained significantly depressed at 81% of baseline 10-15 
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minutes following plasticity induction whereas rILND1-MSN oEPSC amplitude 

recovered to 103% of baseline (Fig. 3.8F; MSN type: F(1,11)=6.372, P=0.028; time: 

F(1,11)=2.271, P=0.16; interaction: F(1,11)=6.372, P=0.028). We did not observe 

significant changes in PPR pre- and post- plasticity induction in either D1- or putative 

D2- MSNs (Fig. 3.8G; cell type: F(1,12)=0.547, P=0.47; time: F(1,12)=0.088; P=0.77). 
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Figure 3.8. The rILN synapses equally on D1- and D2-MSNs but induces long-term 
depression at D2-MSN synapses. A. Experimental strategy to record rILN optically 
evoked excitatory post-synaptic currents (oEPSCs) from tdTomato labeled D1-MSNs and 
putative D2-MSNs with whole-cell patch clamp electrophysiology. B. Left: 2 mW 470 
nm light evoked paired-pulse recordings from a D1-MSN (red) and D2-MSN (black). 
Right: Input-output (I/O) curves of the first pulse oEPSC amplitude for D1-MSNs (n=28; 
red) and D2-MSNs (n=35; black). C. The slope of the I/O curves was not significantly 
different between D1- and D2-MSNs. D. The paired-pulse ratio (PPR) of oEPSC 
amplitudes evoked by 2 mW light was not significantly different between the two cell 
types. E. Left: 5 Hz optical activation of rILN terminals paired with 60 mV 
depolarization (inset) induces a lasting depression in D2-MSNs (n=7) but not D1-MSNs 
(n=6). Right: Representative oEPSCs from the first 5 min of recording (baseline; dark 
traces) and the last 5 minutes of recording (light traces) from a D1-MSN (top) and D2-
MSN (bottom). F. The change in oEPSC amplitude was significantly different between 
D1- and D2-MSNs in the last 5 minutes of recording. G. The PPR did not significantly 
change following plasticity induction, nor did it differ between cell types. Scale bars: 50 
pA, 50 ms. Unpaired t-test (B, C, D, F); two-way repeated measures ANOVA (G). n = 
number of cells.  
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3.4 Discussion 

Our results demonstrate that striatally projecting rILN neurons stably signal at 

action initiation and reward acquisition and that manipulations of this circuit significantly 

impact action execution. We found that optogenetic rILNDS pathway activation biased 

mice to initiate more rewarded lever presses and invigorated faster pressing of the action 

sequence. Optogenetic rILN inhibition, conversely, resulted in fewer initiated press 

sequences and delayed the onset of the press sequence. We also observed that 

chemogenetic suppression of rILN terminal activity uniquely modulated action speed: 

mice executed FR5 pressing and retrieved rewards at slower latencies. These results 

complement our previous findings of systemic rILN suppression reducing overall 

movement (Cover et al., 2019). Together these findings implicate the rILN in action 

reinforcement. 

Corticostriatal circuits guide action learning and habit formation (Kupferschmidt 

et al., 2017; Smith & Graybiel, 2013; Yin & Knowlton, 2006) by coordinating the 

activity of striatal output neurons (Tecuapetla et al., 2016; Yin et al., 2009). Thalamic 

inputs are suggested to influence action expression through modulation of these 

corticostriatal circuits (Ding et al., 2010). However, rILN signaling also directly drives 

striatal MSN activity (Chen et al., 2014; Ellender et al., 2013) and cholinergic 

interneuron firing (Cover et al., 2019). Our observation of rILN signaling occurring at 

action initiation and correlating to initiation latency suggests that this excitatory input 

may directly drive striatal signaling for action execution. The absence of discrete signal 

changes for presses two through five in well-trained mice may reflect the concatenation 

of the individual actions into a fluid sequence (Jin et al., 2014). Alternatively, press-
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related rILN activity may be obscured due to the temporal limits of the calcium sensor 

and photometric system. Regardless, these results support previous observations of rILN 

activity mediating motor control (Chen et al., 2014; Giber et al., 2015) and action 

switching (Kato et al., 2018). 

We did not observe a difference in rILN innervation of MSN subtypes, although 

others find that the CL nucleus evokes larger EPSCs in D1-MSNs than D2-MSNs 

(Ellender et al., 2013). However, we identified a form of synaptic depression specific to 

rILNputative D2-MSNs that suggests a mechanism by which the rILN selectively 

sculpts striatal output. The D1-MSN output pathway is attributed to action selection and 

execution whereas D2-MSN output signaling is ascribed to suppressing competing action 

plans (Gerfen & Surmeier, 2011; Mink, 1996), although this model is likely incomplete 

(Cox & Witten, 2019). Our induction protocol consisted of MSN depolarization followed 

by rILN terminal activation at 5 Hz, a frequency that we previously demonstrated to 

facilitate behavioral reinforcement (Cover, 2019). These results suggest that the rILN, 

along with the caudally-positioned parafascicular nucleus (Parker et al., 2016), may bias 

striatal output and action selection through the emergence of synaptic plasticity. The 

absence of changes to PPR suggests that this form of plasticity is postsynaptically 

expressed. Further study is required elucidate the behavioral consequences of rILND2-

MSN synaptic depression. 

Our finding that rILNstriatum neurons signal at reward acquisition presents, to 

our knowledge, a unique addition to known reward-related circuitry. Midbrain dopamine 

neuron firing shifts during reinforcement learning from reward presentation to associated 

cues and unexpected reward presentation or omission to provide teachable reward 
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prediction errors (Schultz, 1998). In contrast, we found that the rILN stably and 

persistently signals at reward acquisition across all stages of training and in multiple 

contexts. Similar reward-related activity is observed in the rILN of primates performing 

an oculomotor task (Wyder et al., 2003). This signal may serve as a mechanism to 

provide ongoing reinforcement of appropriately selected actions. Such a mechanism 

would be advantageous for both the learning of rewarded action sequences but also 

provides a salient omission when action outcomes change. The sudden absence of this 

consistent signal may provide a simple cue to drive the search for a new action plan that 

results in reward. Indeed, we observed a negative signal fluctuation when mice 

prematurely check for sucrose pellets mid-FR5 sequence suggesting that this bidirectional 

signal may provide an instructive cue for action reinforcement. Inhibitory manipulations 

of rILN-striatal signaling significantly reduced the execution of FR5 pressing, which may 

be due to degradation of this putative reinforcement signal. Future studies selectively 

targeting this reward-related signal will be necessary to fully characterize its function in 

goal-directed behavior. 

Through a cholinergic intermediary, the rILN is capable of locally inducing 

striatal dopamine release (Cachope et al., 2012; Threlfell et al., 2012) in a behaviorally 

significant manner (Cover et al., 2019; Johnson et al., 2020). ). Our finding of rILN 

signaling at reward acquisition may suggest that this local dopamine release mechanism 

is evoked at such events. This possibility is supported by a growing body of evidence 

identifying discrepancies between dopamine neuron cell body firing and terminal 

activity. Dopamine release ramps with proximity to rewards and scales to reward 

magnitude (Hamid et al., 2016; Howe et al., 2013; Mohebi et al., 2019), in addition to 
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dopamine terminal signaling coinciding with reward presentation (Howe & Dombeck, 

2016); activity that is not reflected in cell body firing. The rILN may contribute to this 

phenomenon by locally inducing dopamine release. The rILN may also relay reward-

related information directly to MSNs as these cells are shown to encode reward value and 

action outcome (Hori et al., 2009; Lauwereyns et al., 2002; Nonomura et al., 2018). 

One question that emerges from these results is the origin of the rILNstriatum 

action initiation and reward-related signals. Our TranSTarT experiments identified a 

range of afferents impinging on striatally projecting neurons. The ACC and OFC, which 

themselves receive input from the rILN (Hunnicutt et al., 2014; Murphy & Deutch, 2018; 

Van der Werf et al., 2002), provide two sources of excitatory input. These cortical 

regions are broadly associated with decision making. The OFC encodes outcome value 

(Gremel & Costa, 2013; Malvaez et al., 2019; Stolyarova & Izquierdo, 2017; Zhou et al., 

2019), whereas the ACC encodes decision predictions, surprise signals, and prediction 

errors, in addition to mediating cognitive control (Hayden et al., 2011; Shenhav et al., 

2013; Totah et al., 2009; Wallis & Kennerley, 2011). Although less studied, the SUM is 

well connected with mesolimbic circuitry and linked to regulation of feeding behavior 

(Plaisier et al., 2020). Together, these afferents may impart value and motivation for 

rILNDS guided action selection. 

We also determined that striatal-projecting rILN neurons are directly efferent to a 

basal ganglia output circuit, the substantia nigra pars reticulata, in addition to receiving 

inputs from fellow nigral targets: the superior colliculus, reticular formation, and 

pedunculopontine nucleus. These results confirm the presence of both direct and indirect 

basal ganglia subcortical loops relaying back to the striatum (Alexander et al., 1986). 
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Through inhibition driven by the substantia nigra and selective disinhibition enabled by 

D1-MSN pathway signaling, these loops are hypothesized to support the main functions 

of the basal ganglia: action selection and reinforcement learning (McHaffie et al., 2005; 

Redgrave et al., 2011). The rILN is uniquely positioned to provide feedback for these 

functions and our observation of rILN activity corresponding to action initiation and 

reward acquisition supports this notion. 

Our investigation of neuronal properties across the rILN revealed the absence of 

nucleus-defined differences. This finding suggests that the anatomical delineation of CL, 

PC, and CM nuclei may not reflect functionally distinct identities. Moreover, we found a 

majority of afferents synapsing on striatally projecting rILN neurons did not demonstrate 

selectivity for a particular nucleus. The viral strategy in the present study broadly targeted 

rILN neurons that project to the central DS, however. Previous tracing studies indicate 

differences among the three nuclei in the innervation of medial and lateral components of 

the DS (Van der Werf et al., 2002). Therefore, it is possible that functions exclusive to 

those striatal subregions may be differently modulated by the three nuclei.  

Relaying critical action initiation and reward associated signals may engender the 

rILN to pathology. Through elicitation of striatal dopamine signaling, the rILN facilitates 

incubation of methamphetamine craving (Li et al., 2018). The adjacent paraventricular 

thalamus, which projects to the ventral striatum, is similarly linked to renewal of reward 

and cocaine seeking (Hamlin et al., 2009; Matzeu et al., 2015). Moreover, increased 

midline and intralaminar thalamic activity is associated with cue-evoked craving and 

physiological arousal in alcohol drinkers (Wang et al., 2019). The rILN may contribute to 

other disease states characterized by disordered actions, such as Attention Deficit 
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Hyperactivity Disorder (Jones et al., 2020), or impaired goal-directed behavior, as 

prevalent in Major Depression (Höflich et al., 2019). Characterizing the involvement of 

this thalamic projection system in such disorders stands to offer new opportunities for 

therapeutic intervention. 
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Chapter IV – Discussion 

4.1 The rILNdorsal striatal projection provides two signals to reinforce rewarded 
actions 

Photometric examination of striatally projecting rILN neurons through a range of 

contexts (i.e., open field exploration, operant and Pavlovian tasks) revealed that the rILN 

stably signals at both action initiation and reward acquisition. Demonstrating the 

behavioral significance of this activity, I show that mice robustly lever press for striatal 

rILN terminal activation and exogenous stimulation of these terminals promotes the 

execution of rewarded lever press sequences. Conversely, inhibiting or suppressing rILN 

activity produces deficits in the initiation and execution of rewarded actions in additional 

to general decreases in voluntary locomotion. These findings demonstrate that the rILN 

projection to the dorsal striatum significantly contributes to goal-directed behavior 

through the initiation of rewarded actions. Others show that a specific rILN nuclear 

projection (e.g. the CL) mediates the correct selection of learned actions based on sensory 

cues (Kato et al., 2018), suggesting the rILN may also causally contribute to updating 

action-outcome contingencies.  

My findings of 1) rILNdorsal striatum activity aligned to action initiation and 

2) manipulations of this circuit bidirectionally influenced action expression suggests that 

rILN excitatory projections to the striatum govern the execution of actions. I also found 

that the rILN robustly signals at reward acquisition in a manner independent of training, 

past reward history, or value state. In the following two sections, I assess potential 

mechanisms and functional roles for both of these action and reward -related signals in 

the context of anatomical connectivity and local striatal circuitry. 
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4.2 The rILN completes subcortical basal ganglia loops 

 Composed of glutamatergic projection neurons and virtually devoid of intrinsic 

local circuits, the rILN is configured to serve as a relay center. Therefore, rILN signals to 

the striatum are generated through afferent input. Given the surfeit of excitatory, 

inhibitory, and modulatory afferents converging on these nuclei, identifying the circuits 

contributing to rILN initiation and reward -related signaling poses a herculean task. As a 

first step, I used the TranSTarT viral strategy to confirm afferents forming monosynaptic 

synapses on dorsal striatally projecting rILN neurons. I identified anterior cingulate 

(ACC), orbitofrontal (OFC), supramammillary (SUM), substantia nigra reticulata (SNr), 

superior collicular (SC), pedunculopontine (PPN), and reticular formation (RF) 

projections all synapse on striatal-projecting rILN neurons. This list is by no means 

complete, but provides a starting point for characterizing the excitatory, inhibitory, and 

modulatory influences on rILN-striatal signaling. Moreover, these findings suggest that 

the rILN transmits to the striatum an integrated signal composed of cortical, subcortical, 

and brainstem inputs. 

Re-entrant cortico-basal ganglia loops 

 My identification of SNr neurons synapsing on striatally projecting rILN neurons 

confirms the participation of the rILN in basal ganglia loops. Such loops were originally 

described pertaining to functionally defined connectivity of cortico-striatopallidal-

thalamocortical pathways proposed to mediate goal-directed behavior (Alexander et al., 

1986). With emphasis on cortical input and output, these loops are composed of 

anatomically connected brain regions associated with associative, sensory, motor, or 

limbic modalities. The “motor loop”, for example, describes motor-related cortical 
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projections that target the DLS. DLS-located MSNs project in a topographical manner to 

subregions within basal ganglia output nuclei (pallidum and SNr), that in turn, project 

back to the motor cortices through the motor thalamus (ventral anterior, ventral lateral, 

and ventral medial nuclei; VA, VL, VM) (Haber, 2003). Thus, this recurrent loop is 

thought to mediate the motor aspect of a goal-directed behavior while providing feedback 

to the originating cortical motor centers. 

Recent tests of re-entrant loop architecture largely confirm the anatomical 

segregation of loops across striatal, pallidal, and subcortical structures but also found that 

probed subcortical structures (SC, Pf, and VM) hosted all loops, albeit in a 

topographically segregated arrangement (Lee et al., 2020). This latter finding suggests 

that canonical motor-related structures, such as the thalamic VM, may not be limited to a 

single functional domain. Despite anatomical segregation, there is opportunity for loop 

“cross-talk”. Both thalamo-cortical and dopaminergic nigral projections span across 

“neighboring” loops (Aoki et al., 2019; Haber, 2003). Although the present dissertation 

does not assess rILN thalamocortical signaling, the extent to which these nuclei innervate 

the cortex positions this thalamic region to modulate virtually all cortico-basal ganglia 

loops. Lastly, recent functional examination challenges the notion that these loops govern 

discrete functions. Specific motor behaviors that are presumed to be mediated through 

DLS-incorporating loops are shown to be more strongly modulated by medial 

(associative) or ventrolateral (limbic) striatal output projections (Lee et al., 2020). This 

finding suggests that all loops causally contribute to motor control and calls into question 

the functional significance of limbic, associative, and sensory labels. 

Re-entrant subcortical-basal ganglia loops 
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 Consideration of parallel cortico-striatopallidal-thalamocortical loops is generally 

oriented toward the influence of cortical signaling and, thus, views thalamic participation 

as merely a basal ganglia output relay back to the cortex. The rILN and other non-specific 

thalamic nuclei demonstrate selective striatal and cortical anatomical connectivity 

selective to particular functional domains (Van der Werf et al., 2002), suggesting that 

these nuclei may also participate in re-entrant loop signaling. Recognition of thalamic 

innervation of the striatum, however, presents the opportunity for these nuclei to 

complete subcortical basal ganglia loops in which the thalamus serves as an input. My 

finding of SNr innervation of dorsal striatally projecting rILN neurons demonstrates a 

direct feedback circuit to the striatum that bypasses cortical processing. In addition to this 

direct nigral-thalamo-striatal pathway, I also found that striatal-projecting rILN neurons 

are innervated by the SC, RF, and PPN. Notably, these structures are efferent targets of 

the SNr. Therefore, the rILN may participate in multiple basal ganglia - subcortical loops 

(Fig. 4.1). The anatomical connectivity of the SC within these putative loops is perhaps 

the best characterized (McHaffie et al., 2005). The intermediate and deep layers of the 

SC, composed of multimodal responsive neurons, send projections to the rILN (Krout et 

al., 2001). To complete this putative thalamostriatal-striatopallidal circuit, the SNr 

selectively innervates the SC intermediate layers (Lee et al., 2020). Although in vivo 

functional validation is required, this anatomical evidence supports a closed loop to relay 

sensory information to the basal ganglia, which decides on the appropriate action plan 

and relays motor commands back to the SC (McHaffie et al., 2005). 

 I also identified that the PPN synapses on striatally projecting rILN neurons. The 

locations of neurons in the caudal PPN that receive globus pallidus and SNr input 
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(Granata & Kitai, 1991) and innervate the rILN (Huerta-Ocampo et al., 2020) appear to 

overlap, providing support for a closed basal ganglia loop. As a major source of 

cholinergic input, the PPN enables the rILN to induce widespread cortical activation 

associated with physiological arousal. Whereas the rILN projection to the striatum has 

not been considered in this regard, one may imagine how the PPNrILNstriatal circuit 

may influence goal-directed actions under conditions of vigilance or high cognitive load 

(Inglis et al., 2001). Striatal-based reinforcement learning strategies are determined by 

attentional demand (Radulescu et al., 2016), suggesting that attentional state influences 

action-outcome learning. 
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Figure 4.1. The rILN completes re-entrant basal ganglia loops. A. Connectivity of the 
rILN within subcortical - basal ganglia circuits. Black lines denote circuits validated 
through TranSTarT. Grey lines indicate known anatomical pathways. B. Anatomical 
connectivity of rILN within cortical - basal ganglia - subcortical loops. FEF: frontal eye 
fields; SS: somatosensory cortex; VS: ventral striatum. Figure created with 
BioRender.com  
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 My identification of a RFrILNstriatal circuit suggests the existence of a third 

basal ganglia-subcortical loop. SNr output projections target the lateral pontomedullary 

and medullary RF (Von Krosigk & Smith, 1991), regions that appear to overlap with the 

injection site in my TranSTarT cases. Whereas some RF tracing experiments demonstrate 

that a large number of RF nuclei contain neurons that project to the rILN (Krout et al., 

2002), others suggest that the primary reticular target of SNr innervation does not send 

projections to the rILN (Vertes et al., 1986). Thus, further study is required to confirm the 

SNrRFrILNstriatal circuit. Lastly, the rILN may participate in a fourth 

subcortical-basal ganglia loop as there is evidence that the external segment of the globus 

pallidus innervates the rILN (Carter & Fibiger, 1978). Such a circuit would uniquely 

couple the rILN to D2-MSN-driven indirect pathway loops. 

 There are several limitations to TranSTarT. Whereas this technique identifies di-

synaptic anatomical circuits, it does not assess the function of these pathways. For 

example, it is unclear how the PPN, which releases acetylcholine, modulates striatally 

projecting rILN neuronal activity. Rather, this afferent may have a constrained influence 

on rILNdorsal striatal signaling. Further functional studies are necessary to fully 

characterize TranSTarT -identified di-synaptic circuits. Secondly, this approach only 

identifies di-synaptic circuits. Whereas I suggest here that the SNr synapses on PPN, RF, 

and SC rILNdorsal striatal circuits to complete basal ganglia – subcortical loops, 

further study is necessary to confirm such tri-synaptic circuits. Lastly, it is unknown 

whether the interrogated afferents impinge on the same rILN neurons or discrete 

populations. Identifying the degree of convergence of these inputs will inform functional 
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interpretations. Adding a second set of recombinase viruses, such as flp, may allow one 

to additionally assess tri-synaptic circuits and rILN afferent convergence. 

 Re-entrant basal ganglia loops are proposed to govern two components of goal-

directed behavior: action selection and reinforcement. Below, I briefly review current 

ideas of how these loops mediate each function and present mechanisms by which the 

rILN may contribute. 

Basal ganglia loops mediate action selection 

At any given moment, a multitude of cortical and subcortical structures are 

signaling external sensory information and internal states that are layered with additional 

information pertaining to value, salience, effort, and past history. Together, this activity 

presents a number of potential but mutually incompatible action responses. The basal 

ganglia provide a solution for this “selection problem” by having all of these cortical and 

subcortical excitatory inputs in addition to modulatory projections converge in the 

striatum to compete for representation. The strongest input, or more likely, the strongest 

combination of compatible inputs “wins” the selection by potentiating MSN ensembles to 

selectively disinhibit motor centers to execute the selected action while preventing 

expression of non-selected actions (Mink, 1996; Redgrave et al., 1999). The closed 

architecture of these loops suggests that basal ganglia-driven action selection facilitates 

the execution of action through feedback excitation of either cortical motor centers (to 

produce the motor command) or the originating thalamic and cortical inputs that drove 

the “winning” action (to keep the action “online” to ensure completion of the action).  
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 My photometric experiments demonstrated that striatally projecting rILN 

neuronal activity significantly increases at the time of action initiation, whether it be to 

execute a FR5 lever press sequence or move across an open field. Thus, rILN-striatal 

signaling always correlates with the “winning” action. Weakening this input through 

optogenetic inhibition or chemogenetic suppression during the FR5 operant task 

significantly reduced the probability that this action would be initiated, suggesting that 

the rILN has a causal role in action selection. Mice were still able to select and execute 

the FR5 sequence despite these deleterious manipulations, however. This finding 

suggests that the rILN is not the sole striatal input driving this action. The extensive 

anatomical connectivity the rILN possesses with cortex and convergence of rILN 

afferents with the afferents of these cortical areas within the striatum positions this 

thalamic center as a powerful player in the competition for action representation. Such 

connectivity allows for synchronized thalamostriatal and corticostriatal signaling to win 

the competition for selection among weaker “competitor” inputs. I also demonstrated that 

ACC and OFC projection neurons synapse on striatally projecting rILN neurons, 

suggesting that cortical regions may also drive cortico-thalamic entrainment.  

 Other striatal-projecting regions shown to regulate action selection and initiation 

include the dorsal ACC and medial PFC (Bari & Robbins, 2013; Srinivasan et al., 2013), 

which may signal independently of or through connectivity with the rILN. Although 

action execution is commonly associated with dorsal striatal signaling, manipulations of 

ventral lateral striatal D2-MSNs or insular projections to this region impair action 

initiation (Tsutsui-Kimura et al., 2017; Yoshida et al., 2020). Dopaminergic projections 

of the ventral tegmental area innervate the nucleus accumbens in addition to amygdalar 
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and prefrontal cortical subregions. Chemogenetic activation of dopaminergic ventral 

tegmental neurons significantly increases initiation of reward-seeking actions (Boekhoudt 

et al., 2018). Circuits outside of the striatum may also contribute to action execution. The 

dentate nucleus of the cerebellum facilitates action initiation (Trouche & Beaubaton, 

1980). Although this nucleus modulates striatal signaling through projections on the rILN 

(Chen et al., 2014), the cerebellum also innervates the motor thalamus (Gaidica et al., 

2018). This thalamic region is reciprocally connected with motor cortical areas in 

addition to receiving projections from the SNr. How these thalamic and cerebellar nuclei 

inform action execution independently of basal ganglia signaling requires further 

investigation.  

How may SNr direct and indirect feedback circuits modulate rILN signaling? The 

rate model of basal ganglia function (Albin et al., 1989) would predict that the SNr 

imposes tonic inhibition on rILN projection neurons that is relieved through D1-MSN 

direct pathway signaling. This inhibitory input is likely not imposing firing quiescence as 

rILN neurons demonstrate tonic firing during wake states (Steriade et al., 1993). 

However, D1-MSN -driven disinhibition in combination with excitatory afferent 

signaling may serve to elicit rILN burst firing. Manipulations of rILN-targeting SNr 

neurons produce behavioral results suggesting that this nigral input may prevent 

interruptions to online motor programs (Rizzi & Tan, 2019). This functional 

interpretation does not contradict my photometry results of rILN activity corresponding 

to action initiation. Striatal-facilitated disinhibition may enable rILN input signaling to 

select actions in a temporally-appropriate manner. Following action initiation, 

reengagement of SNr inhibition input may restrain the rILN from interrupting an in-
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progress action. Indeed, the SNr inhibitory projection on the SC regulates oculomotor 

saccades for this purpose (Hikosaka, 1989). One may imagine how following a 

completed motor plan, the release of SNr -driven inhibition of SC, PPN, RF, and rILN 

may facilitate the import of sensory information and arousal to orient thalamostriatal 

drive of appropriate motor responses. 

Basal ganglia loops mediate action reinforcement 

 Current models of action reinforcement are centered on the role of striatal 

dopamine signaling (Hong & Hikosaka, 2011). Dopamine potentiates corticostriatal D1-

MSN synapses and depresses D2-MSN synapses. However, these plasticity events 

require MSNs to be depolarized (Shen et al., 2008). Thus, dopamine may only modulate 

MSN populations that are “activated” by excitatory inputs, granting a mechanism to 

reinforce recent actions. Characterization of phasic dopamine signaling provides 

suggestions of when this plasticity may occur in vivo. In the initial stages of reward 

learning, dopamine neuron firing occurs at the time of reward presentation and, following 

repeated exposure, shifts to coincide with presentation of associated sensory cues 

(Schultz et al., 1997). Corticostriatal synapses that were active during these events will 

then be modulated in a manner to bias D1-MSN direct pathway signaling. The looped 

architecture of cortico-basal ganglia circuits is proposed to serve two functions necessary 

for appropriate action reinforcement: 1) determine agency (was an action being 

performed at the time of the event to cause it?) and 2) generate and update action-

outcome associations (Redgrave et al., 2011). Together, this model provides compelling 

evidence of how dopaminergic signaling facilitates action reinforcement learning. 
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 There are several missing or unexplained components of this reinforcement 

mechanism, however. The first issue pertains to the stage of learning when dopamine 

neurons fire at the presentation of reward-associated sensory cues. In reality, reward-

predicting cues are temporally separated from the actions required to obtain the reward 

by an order of seconds, minutes, or longer. In the FR5 operant task, for example, the 

lever extension into the chamber serves as the reward predicting cue. For under-trained 

mice, this event occurs 10 to 30 seconds prior to completion of the press sequence and 

reward delivery. Whereas dopamine release at the time of lever extension may serve to 

orient the mouse to the lever cue (Anderson, 2016), it is unclear how that event will 

modulate MSN ensembles responsible for completing the FR5 sequence 10s of seconds 

later. In real life, a roadside sign advertising a rest stop restaurant 20 miles away 

separates the sensory cue from reward-obtaining actions by an order of 10s of minutes. 

The rILN-striatal projection resolves this problem by signaling at reward acquisition. In 

my experiments, I determined that the rILN is a powerful elicitor of striatal dopamine 

release and that this mechanism is robust enough to reinforce behavior. Therefore, I 

propose that rILN signaling at the time of action initiation and reward acquisition 

critically reinforces actions through dopamine-mediated plasticity changes of active MSN 

populations related to the reward-obtaining action. 

 The second problem with current action reinforcement theories is how 

reinforcement is maintained in well-learned behavior. In this state, phasic dopamine 

neuron activity is limited to learned reward-related sensory cues and RPEs: firing 

increases that occur at unexpected rewards and firing decreases at unexpected reward 

omissions (Bayer & Glimcher, 2005; Schultz et al., 1997). These changes in signaling are 
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certainly valuable for detecting and updating changes in reward contingencies. However, 

this model doesn’t provide an explanation for how MSN plasticity necessary for biasing 

the selection of rewarded actions is preserved. Rather, current models assume that the 

basal ganglia loop back to the cortex is sufficient to maintain appropriate action plans 

(Redgrave et al., 2011). This circuitry, however, is missing a critical source of feedback 

to confirm that the executed actions are still resulting in rewards. Without such feedback, 

two scenarios may develop: 1) aberrant and perseverative execution of a once-rewarded 

motor plan or 2) degradation of the action over time. This latter phenomenon is 

demonstrated in bird song, in which abolishing or even delaying auditory feedback 

corrupts the execution of learned songs (Woolley, 2004). Whereas RPEs are suggested to 

alert one to changes in predicted reward outcome, this mechanism is unable to provide 

immediate and persistent reinforcement of reward-obtaining actions. 

Again, I suggest that rILN signaling and evoked dopamine release at the time of 

reward acquisition provides this critical feedback function for learned action-outcome 

associations that somatic dopamine neuron activity appears unable to mediate. Through 

this mechanism, the rILN may elicit dopamine signaling to maintain the selective 

potentiation or suppression of striatal circuits facilitating the reward-obtaining action. In 

support of this function, dopamine release steadily increases in the pursuit of reward 

acquisition that scales with reward proximity and value (Hamid et al., 2016; Howe et al., 

2013; Mohebi et al., 2019). Given that somatic dopamine neuron firing does not 

correspond with this activity, local axo-axonic dopamine release mechanisms provide a 

plausible explanation. The rILN is likely just one contributor to this phenomenon, as the 

Pf, medial prefrontal, and motor cortices are also demonstrated to evoke dopamine 
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release in ex vivo preparations (Adrover et al., 2020; Kosillo et al., 2016; Threlfell et al., 

2012). Although, these alternative drivers have not been behaviorally validated. 

I found that manipulations of reward value or past history did not influence 

reward-related rILN signaling, nor was this signal dependent on training experience or 

specific to certain environmental contexts. This inflexibility suggests that rILN provides a 

reliable and universal signal of reward attainment. Correspondingly, inhibitory 

manipulations of rILNdorsal striatal signaling reduced the selection of rewarded 

actions. Whereas these experiments did not discretely interrogate the specific 

contributions of each rILN signal, I propose that they subserve a singular function: 

directing the selection of rewarding actions. Most discussions of action selection and 

reinforcement learning present these functions as discrete processes (Bariselli et al., 

2019; Redgrave et al., 2011). However, one may argue that they are simply two sides of 

the same coin. The identification of an action that resulted in reward drives the selection 

of that same action to obtain more rewards. Therefore, I suggest that the dual signal 

provided by the rILN facilitates this unified function. In this view, it is surprising that 

other inputs relevant to action reinforcement don’t exhibit this dual activity. Rather, it 

may be the uniquely extensive anatomical connectivity of the rILN that enables such 

signaling. In support of this, DLS-located MSNs selectively exhibit “bracketed” firing 

activity during reinforced action sequences (Martiros et al., 2018). MSN firing increases 

at the start and stop of reinforced motor plans are not observed for kinematically-identical 

but unreinforced action sequences. Additionally, “stop”-related MSN firing does not 

occur on incomplete or incorrectly performed sequences and such bracketed activity did 

not depend on motor cortex input. These findings indicate that a striatal neuronal 
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population selectively encodes rewarded actions. In the following section, I present 

possible striatal circuit-level mechanisms by which rILN signaling may contribute to the 

selection of reinforced actions. Later, I suggest potential afferent sources that may enable 

the rILN to uniquely generate action initiation and reward acquisition signals. 

4.3 rILN interactions with striatal circuits 

rILN interactions with striatal neuronal populations 

I determined that the rILN synapses on striatal ChIs and is capable of inducing 

dynamic burst-pause firing that is associated with reward learning (Aosaki et al., 1994). I 

also demonstrated that through this cholinergic intermediary, rILN terminal activation 

stably induces striatal dopamine release and facilitates behavioral reinforcement (Cover 

et al., 2019). This mechanism may allow the rILN to guide striatal signaling for 

dopamine-dependent functions of goal-directed behavior, including action execution and 

reward learning (Palmiter, 2008). Moreover, Indeed, I found that suppressing rILN 

signaling reduced striatal dopamine terminal activity and locomotion whereas others 

demonstrate that abolishing thalamostriatal glutamate release impairs motor coordination 

(Melief et al., 2018). This evidence suggests that local release mechanisms may be an 

integral component of striatal dopamine signaling. 

As previously mentioned, dopamine bi-directionally modulates MSN response to 

glutamate in an experience -dependent manner. That is, MSNs need to be depolarized at 

the time of D1 or D2 receptor activation in order for excitatory synapses to become 

potentiated or depressed, respectively (Centonze et al., 2001; Shen et al., 2008). Given 

the extensive axonal arborization of nigral neurons (Matsuda et al., 2009), somatically 

driven dopamine release lacks spatial specificity. Therefore, plasticity changes will occur 
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for any MSNs concurrently depolarized by excitatory inputs. This arrangement is ideal 

according to current models of reward learning, as it allows one to develop action-

outcome associations (Redgrave et al., 2011). The rILN, in contrast, provides a unique 

mechanism to direct dopaminergic modulation of specific MSN populations. This is 

achieved through the combination of direct glutamatergic synapses on MSNs and 

synapses on ChIs that evoke local dopamine release. The rILN appears unique in this 

capacity. Whereas the Pf exhibits denser innervation of ChIs, this pathway has a 

considerably weaker influence on MSN excitability (Ellender et al., 2013). Conversely, 

the cortex exerts a strong excitatory drive on MSNs, but demonstrates weaker synaptic 

connectivity with ChIs (Ding et al., 2010) and a limited ability to evoke dopamine release 

that has not been behaviorally tested (Adrover et al., 2020; Kosillo et al., 2016). The 

impact of this rILN-driven dual MSN activation and local dopamine release event 

requires further investigation. As a first step, I identified that rILN terminal activation 

paired with MSN depolarization selectively induces long-term depression in D2-MSNs. 

Whereas the mechanism producing this plasticity remains to be determined, dopamine D2 

GO-coupled receptors on D2-MSNs are a possible candidate. Regardless, this finding 

provides a physiological mechanism for the rILN to bias direct pathway signaling during 

action selection and reinforcement.  

How may rILN signaling during goal-directed behavior influence MSN output 

activity? Among the competing excitatory inputs, the ability of the rILN to drive MSNs 

and induce dopamine release grants this projection a greater level of influence in 

selecting actions to reinforce. During action initiation, the rILN may facilitate the 

execution of a motor plan through both direct excitation of the responsible MSN 
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ensembles and dopaminergic signaling to strengthen this selection. Indeed, deletion of D2 

receptors on D2-MSNs delays action initiation (Augustin et al., 2020). Dopamine neuron 

firing increases at action initiation (Jin & Costa, 2010), suggesting that dopamine release 

also occurs independently of local axo-axonic events. How rILN-evoked release 

complements or competes with this canonical mechanism is unknown. Dopamine neuron 

axons are unmyelinated, suggesting that action potentials recorded in the soma may not 

faithfully result in neurotransmitter release (Moss & Bolam, 2008). Therefore, it is 

conceivable that such a local mechanism ensures that dopamine signaling occurs where it 

is needed and/or increases extracellular dopamine to behaviorally significant 

concentrations (Ikemoto et al., 2015). Either of these scenarios would promote the 

successful execution of goal-directed actions. 

I previously reasoned that dopaminergic signaling is critical for maintaining 

plasticity states that underlie action-outcome associations. Studies of dopamine neuron 

firing patterns suggest that somatically-driven dopamine release at the time of reward 

presentation ceases once rewards become expected (Schultz et al., 1997). Therefore, rILN 

signaling observed at reward acquisition during the FR5 task may provide a mechanism 

for local dopamine release to maintain potentiation of D1-MSNs associated with lever 

pressing and continue suppression of D2-MSN populations that promote other actions or 

avoidance (Bariselli et al., 2019; Mink, 1996). My finding of selective depression of rILN 

synapses on D2-MSNs may also contribute to behavioral reinforcement. Reward-related 

activity appears unique to the rILN. rILN neurons are also shown to fire in response to 

rewards in an oculomotor paradigm performed by well-trained monkeys (Wyder et al., 

2003). In contrast, Pf firing appears limited to salient sensory cues (Matsumoto et al., 
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2001). Thus, the rILN may be the sole inducer of striatal dopamine to continue 

reinforcement of actions following learning. 

Whereas much focus is placed on its role in axo-axonically eliciting dopamine 

release, rILN-evoked acetylcholine signaling may also directly modulate striatal output 

activity. Through muscarinic GQ-coupled M1 receptors on both D1- and D2- MSNs and 

GI/O-coupled M4 receptors preferentially expressed on D1-MSNs, ChIs may govern 

striatal output signaling by modulating MSN responsiveness to both excitatory and local 

inhibitory inputs (Fino & Venance, 2011; Goldberg et al., 2012; Mamaligas & Ford, 

2016). ChI signaling is associated with increased MSN-MSN co-activity and locomotor 

velocity reductions (Gritton et al., 2019), suggesting that this interneuron population 

coordinates MSN ensembles to drive movement cessation. Moreover, ChIs exert 

regulatory control over elements of goal-directed behavior including motivation and 

automaticity (Ashkenazi et al., 2020). Whereas the influence of Pf signaling on ChI 

activity and associated functions has been studied (Bradfield et al., 2013; Matsumoto et 

al., 2001), characterization of rILN influence on striatal cholinergic signaling and 

associated outcomes may reveal novel insight for goal-directed action execution.   

rILN interactions with corticostriatal circuits 

 In addition to directing striatal output activity through direct innervation of 

MSNs, the rILN may also modulate corticostriatal synapses. I previously suggested that 

prevalent thalamocortical and corticothalamic anatomical connectivity positions the rILN 

to signal to the striatum in synchrony with cortical inputs. rILN thalamocortical 

projections innervate cortical layers I, III, and V (Berendse & Groenewegen, 1991; Van 

der Werf et al., 2002). Striatally projecting cortical neurons are located in layer V (and 
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lesser so layer III) (Reiner et al., 2010), which lends support for the rILN to influence 

corticostriatal signaling through synapses on the somatodendritic compartment. If 

coincident excitatory signaling from cortex and rILN impinges on the same set of MSNs 

(Huerta-Ocampo et al., 2014) there is a greater likelihood for this combined input to 

potentiate MSNs enough to fire and activate output pathways. Therefore, the rILN may 

augment corticostriatal circuit activity through its thalamocortical projection 

The rILN may also regulate corticostriatal circuits within the striatum. I 

demonstrated that rILN terminal activation paired with MSN depolarization selectively 

induced long-term depression in rILN synapses on D2-MSNs. This depression is likely 

postsynaptically mediated, as the paired-pulse ratio did not significantly change 

following plasticity induction. Therefore, it is possible that rILN-induced depression may 

heterosynaptically depress cortical synapses onto the same D2-MSNs, especially if this 

cortical input is activated in concert with rILN inputs.  

rILN-induced ChI burst pause firing may also modulate corticostriatal synapses. 

Electrical stimulation of thalamostriatal inputs induces acetylcholine release that 

transiently suppresses all excitatory synapses on MSNs except for corticostriatal synapses 

on D2-MSNs (Ding et al., 2010). This activity briefly biases cortical-driven indirect 

pathway activity and is hypothesized to facilitate action switching. D2-MSN signaling is 

associated with transitions between action sequences, lending support to this idea 

(Geddes et al., 2018). However, in vivo assessment of this mechanism is required to 

determine its prevalence and impact on naturalistic behavior.  

 Thalamostriatal signaling has long been assumed to serve as a mere modulator for 

cortically driven striatal activity (Ding et al., 2010; Smith et al., 2011). True, as an 
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elicitor of acetylcholine and dopamine, the rILN likely exerts modulatory changes on 

extrinsic and intrinsic striatal circuits. However, my behavioral experiments also 

demonstrate that the rILN drives goal-directed behavior. In addition to rILN terminal 

activation facilitating self-stimulation, I demonstrated that striatally projecting rILN 

neuron activation enhances the selection and execution of a rewarded action. These 

findings present a compelling argument for thalamostriatal signaling as a powerful 

contributor to goal-directed behavior and other basal ganglia-mediated functions. 

4.4. Complementary functional roles for rILN and Pf striatal projections 

In building toward a comprehensive understanding of when, how, and why 

rILNdorsal striatal signaling contributes to basal ganglia function, one is drawn to 

examine how this input functionally differs from its caudal counterpart, the Pf. After all, 

the Pf projects more strongly to the striatum and these two thalamic groups have largely 

identical afferents. Assessment of rILN and Pf striatal inputs reveals differences in 

morphological and synaptic properties. Specifically, Pf primary innervation of ChIs and 

synaptic configuration on MSNs (Ellender et al., 2013; Smith et al., 2014) suggests that 

this input has a modulatory, indirect influence on MSN output activity. In contrast to CL 

neurons, Pf axons exhibit more branching to form dense plexuses within a more confined 

striatal area (Lacey et al., 2007).  

 These studies suggest that the Pf modulates striatal signaling primarily through 

ChIs, and thus, is a likely elicitor of dopamine release. However, the Mathur lab and 

others demonstrate that this Pfstriatal projection has a restricted influence on dopamine 

signaling. We found that Pf terminal activation only transiently evokes dopamine release 

and does not facilitate behavioral reinforcement (Cover et al., 2019). Others report that 
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electrical Pf stimulation does not support self-stimulation (Vale-Martínez et al., 1999). 

Moreover, lesioning the Pf does not impair self-initiated locomotion (Crevier-Sorbo et 

al., 2020). Together, these results suggest that the Pf has a constrained influence on 

striatal dopaminergic signaling and associated function. One interpretation of these 

findings is that the Pf plays a discrete role in goal-directed behavior and, accordingly, 

may only need to evoke dopamine release under more limited and specific conditions. 

 In vivo recordings in primates reveals that the Pf fires in response to salient and 

reward-predicting sensory cues to drive ChI burst pause firing (Doig et al., 2014; 

Matsumoto et al., 2001). Inhibiting the Pf reduces attentional orienting to reward-

predicting cues (Minamimoto & Kimura, 2002) and impairs sensory-cued re-direction of 

attention from biased actions (Minamimoto et al., 2009). Similarly, inhibiting Pf 

signaling in rodents impairs behavioral flexibility to updated action-outcome 

contingencies and is associated with reduce striatal acetylcholine release (Bradfield et al., 

2013; Bradfield & Balleine, 2017; Brown et al., 2010). These findings suggest that this 

nucleus mediates attentional and motor responses to salient sensory cues, which are 

critical components of goal-directed behavior.  

rILN neurons also respond to multisensory stimuli (Jones, 2007). We investigated 

whether such sensory responses contributed to photometric activity recorded from 

striatally projecting rILN neurons. Surprisingly, we did not observe dynamic activity to 

tones associated with reward delivery in a Pavlovian conditioning paradigm. This 

discrepancy may be due to methodological differences as we measured population-level 

rILN activity whereas prior studies employed single-unit electrophysiological recordings, 

which are also more temporally precise. Alternatively, sensory responding may be 
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exclusive to cortically projecting rILN neurons, which were not measured in our 

experimental approach. Further investigation is required to determine the reason for this 

disparity.  

 The present characterization of rILN and Pf signaling to the striatum presents 

complementary roles for these thalamic nuclei in directing goal-directed behavior. The Pf 

encodes novel and reward-associated sensory stimuli and signals to the striatum during 

these events to 1) orient attention to these cues and 2) participate in updating action-

outcome associations. The Pf likely accomplishes these functions through inducing 

acetylcholine (and secondarily dopamine) release to modulate MSN activity at the time of 

sensory presentation. This event may serve to modulate corticostriatal synapses that 

participate in attentional orienting or “prime” MSN ensembles for subsequent rILN 

activation that directly drives the initiation of appropriate action responses. My 

experiments in acute slice suggests that the rILN can repeatedly evoke dopamine release 

across extended time periods and thus, through this mechanism, this thalamostriatal 

projection may reinforce MSN circuits encoding rewarded actions both during the 

initiation of the action and following its completion at reward delivery. Together, these 

two thalamic circuits may serve to maintain learned action-outcome associations but also 

detect changes to predictive stimuli and action outcomes to update these associations. 

This model implies that Pf signaling to the dorsal striatum occurs either prior to or in 

parallel with the rILN initiation -related signal. Recording Pf signaling during the FR5 

task either solely or in conjunction with rILN monitoring will provide crucial information 

to validate and refine this model. 
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 Pf and rILN interactions may not be limited to their terminations in the striatum, 

however. The Pf is shown to directly innervate the rILN in both primate and cat 

(Kaufman & Rosenquist, 1985; Sadikot et al., 1992). Further study is needed to 

determine whether this circuit also exists in rodents as well as characterize its functional 

significance. Given that I did not observe sensory-related rILN activity in my behavioral 

experiments, one possibility is that the Pf exclusively encodes sensory responses and 

relays this information to the rILN. If the PfrILN circuit does not exist in rodents then 

the rILN would not exhibit sensory responses in my experiments. Pf neurons in the 

primate exhibit either short or long response latencies to visual stimuli of approximately 

90 or 280 ms, respectively, whereas rILN response onset ranges from 77 to 135 ms 

(Matsumoto et al., 2001; Schlag & Schlag-Rey, 1984). This similarity in latency suggests 

that the rILN receives sensory information independently of the Pf. Both the rILN and Pf 

are innervated by sensory processing afferents including the SC in addition to receiving a 

direct projection from the retina (Cavalcante et al., 2005). Therefore, these two regions 

appear equally positioned to receive sensory information. 

 An additional venue for investigation is characterization of the SNr projections 

that innervate the rILN and Pf. As the feedback circuit from the basal ganglia, differential 

inhibitory regulation by the SNr stands to influence thalamostriatal signaling and 

associated behaviors. The SNr is composed of heterogeneous populations of GABAergic 

projection neurons as well as more recently discovered glutamatergic neurons (Antal et 

al., 2014). The rILN is selectively innervated by vesicular GABA transporter -expressing 

SNr neurons (Rizzi & Tan, 2019). In the Pf, GABAergic interneurons are innervated by 

parvalbumin -positive SNr projections (Chen et al., 2020), although striatally projecting 
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Pf neurons are also innervated by an unidentified SNr projection (Lee et al., 2020). As 

these studies examined each intralaminar group in isolation, further investigation is 

required to determine whether the rILN and Pf are innervated by different SNr 

populations. These preliminary findings, however, suggest a degree of complexity in 

basal ganglia outputs. Identifying these nigrofugal circuits and discerning their functions 

will serve to further illuminate the contributions of the intralaminar nuclei in striatal 

function and behavior. 

4.5 The role of axo-axonic synapses in neural function 

The linchpin to the role for the rILN in maintaining action reinforcement is the 

unusual ability for this projection to di-synaptically release dopamine locally in the 

striatum. The chemical synapse is the principal form of contact between neurons of the 

central nervous system. These synapses are typically configured as presynaptic axon 

terminations onto postsynaptic dendrites or somata, giving rise to axo-dendritic and axo-

somatic synapses, respectively. Beyond these common synapse configurations are less-

studied, non-canonical synapse types that are prevalent throughout the brain and 

significantly contribute to neural circuit function. Among these are the axo-axonic 

synapses, which consist of an axon terminating on another axon or axon terminal. I 

demonstrated that the rILN locally evokes striatal dopamine release in a manner 

dependent on nicotinic acetylcholine receptor signaling. Although existent striatal EM 

data only note a high prevalence of ChAT-labeled axons juxtaposed to (but not synapsing 

on) unidentified striatal axon terminals (Contant et al., 1996), the presence of nicotinic 

acetylcholine receptors on nigrostriatal axon terminals supports a functional axo-axonic 

circuit (Jones et al., 2001). This non-canonical dopamine release mechanism raises 
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questions as to why this system is in place and how it may differ from somatically driven 

neurotransmitter release. Below, I review several functional motifs enabled by axo-

axonic synapses on neural circuits and discuss how this non-canonical mechanism may 

compare or contribute to somatically-driven dopamine release in the striatum. 

Mounting evidence indicate axo-axonic synapses provide unique functional 

attributes to neural circuits. This configuration provides a “short circuit” by which an 

axon terminal synapsing on another axon terminal bypasses the somatodendritic 

processing (temporal and spatial summation) that occurs in traditional axo-somatic and -

dendritic synapses (Fig. 4.2A). For example, the hypothalamic suprachiasmatic nucleus is 

dominated by intrinsic inhibitory signaling. Intrinsic GABAergic axons axo-axonically 

synapse onto other GABAergic terminals (Buijs et al., 1995; Castel & Morris, 2000), 

providing a direct mechanism to regulate inhibitory activity.  

Axo-axonic synapses may also facilitate spatially precise control of 

neurotransmitter release. Whereas somatic depolarization will generally influence 

neurotransmitter release from all downstream axon terminals from a particular neuron, 

axon terminals impinging directly on other axon terminals provide fine-grained 

modulation of specific efferent synapses (Fig. 4.2B). This function is especially impactful 

for neurons with extensive axonal arbors. Substantia nigra dopamine neurons, for 

example, form unmyelinated axonal arbors that sum up to 1 cubic millimeter in the dorsal 

striatum (Matsuda et al., 2009).  
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Figure 4.2. Axo-axonic synaptic contributions to neural circuit function. A. Axo-
axonic synapses allow a presynaptic axon (orange) to negatively (top schematic) or 
positively (middle schematic) modulate neurotransmitter release probability (P) of the 
postsynaptic axon (blue). In addition, it is possible for an afferent to induce 
neurotransmitter release independently of the action potentials generated by the 
postsynaptic neuron (bottom schematic). B. In postsynaptic neurons with extensive 
axonal arborizations (light blue neuron), afferents synapsing axo-axonically (orange) 
provide spatially-precise neurotransmitter release or suppression. C. Axon collaterals 
from a neuron (orange) that synapse on impinging afferents (blue) provide a mechanism 
for that cell to regulate afferent input. D. Combinations of axo-axonic synapses either in 
convergence or serial formation (as shown) provide granular control of neurotransmitter 
release probability (P) over time (t) for canonical axo-dendritic synapses.  
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Axo-axonic synapses may also provide input regulation. Whereas postsynaptic 

neurons are canonically limited to either retrograde signaling or indirect multi-synaptic 

feedback loops to modulate their presynaptic partners, axo-axonic synapses formed by a 

postsynaptic axon collateral synapsing on an axon terminal that synapses on that neuron’s 

own dendrite, allow for direct modulation of afferent inputs (Fig. 4.2C). Such is the case 

for cholinergic neurons residing in the PPN and laterodorsal tegmentum. Cholinergic 

axon terminals appose projections to this area that express M2 heteroreceptors (Garzón & 

Pickel, 2006). Accordingly, M2 receptor activation decreases glutamatergic transmission 

onto cholinergic neurons (Ye et al., 2010).  

Lastly, axo-axonic synapses confer an additional dimension of modulatory control 

over neural signaling. In canonical circuits, impinging afferents influence timing of 

postsynaptic action potential firing. The addition of axo-axonic configurations affords 

manifold control of this activity, providing granularity to neural systems. This function is 

magnified in more complex axo-axonic circuit configurations, such as two axons 

synapsing on a common postsynaptic axon (Bae et al., 2005). Serial formations of axo-

axonic synapses also occur, which further amplify the modulatory resolution controlling 

downstream neurotransmitter release (Fig. 4.2D). This configuration occurs in the cat 

trigeminal nucleus, where axo-axo-axonic di-synaptic circuits terminate on axon initial 

segments (Westrum, 1993). 

My preliminary characterization of rILN-evoked dopamine suggests that axo-

axonically induced dopamine release significantly contributes to striatal function and 

behavior. I previously suggested that one potential contribution of this non-canonical 

mechanism is temporal sensitivity. As dopamine neurons do not exhibit phasic activity 
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once rewards become predicted, this alternative mechanism may ensure dopamine 

signaling occurs at necessary behavioral events (such as reward presentation) to support 

motivated behaviors.  

Alternatively, this local mechanism may complement somatically-driven release 

to ensure that the extracellular dopamine concentration reaches physiologically 

significant levels. This function is especially relevant as dopamine receptors have 

different binding affinities. D1 receptors have a lower affinity than D2 receptors, such 

that greater concentrations of extracellular dopamine are needed to bind an equivocal 

number of D1 receptors (Richfield et al., 1989). Striatal dopamine ramping observed in 

vivo is proposed to serve this function (Hunger et al., 2020). Therefore, rILN-evoked 

dopamine release may facilitate dopaminergic signaling in D1-MSNs.  

Substantia nigra dopaminergic axons arborize extensively, with a single neuron 

possessing approximately 46 cm of axon fibers and giving rise to over 200,000 synapses 

(Matsuda et al., 2009; Pissadaki & Bolam, 2013). Moreover, these projections are 

observed to send collaterals to the globus pallidus, ventral pallidum, and subthalamic 

nucleus (Prensa & Parent, 2001). Therefore, local release mechanisms stand to confer 

spatial selectively. The degree by which local mechanisms may spatially limit dopamine 

release requires further investigation. Cholinergic interneurons are sparsely distributed, 

comprising less than 3% of the striatal cellular population (Matamales et al., 2016). These 

cells give to rise to similarly large axonal arbors, however (Zhou et al., 2002). An 

additional consideration is the axonal collateralization of rILN neurons. Whereas Pf 

neurons innervate restricted areas of the striatum, rILN neurons tend to produce axons 

that span larger striatal volumes (Unzai et al., 2017). Therefore, the degree of spatial 
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restriction conferred by rILNChInigral terminal activation remains to be determined. 

Investigation of the striatal volume that axo-axonically evoked dopamine release spans 

will aid in determining the extent to which this mechanism confers spatial selectivity. 

To conclude, the unique morphology of nigrostriatal axons enables local release 

mechanisms to significantly impact dopaminergic signaling. As suggested here, the 

ChInigral terminal axo-axonic synapse provides the opportunity for temporal and 

spatial selectivity in addition to augmenting extracellular dopamine concentration to 

evoke striatal dopaminergic signaling during goal-directed behavior. Further 

investigation is required, however, to determine the presence and extent of axo-

axonically induced dopamine release during operant behavior. That is, one cannot 

presume that such activity is occurring during rILN signaling at action initiation and 

reward retrieval. Identifying when rILN-evoked dopamine release occurs during goal-

directed behavior will serve as a necessary first step in determining the physiological and 

behavioral function of this mechanism.  

4.6 The influence of rILN signaling in pathology 

 The contribution of rILNstriatal signaling to goal-directed behavior potentially 

implicates this pathway in the pathologies of disorders marked by abnormal actions. Such 

conditions may include amotivational states such as depression, or conditions 

characterized by maladaptive habitual actions such as Obsessive-Compulsive Disorder. 

As an elicitor of dopamine release, the rILN may participate in the etiology of drug 

addiction. This mechanism has recently been implicated in the incubation of 

methamphetamine craving (Li et al., 2018). Dissecting the contributions of rILN 

signaling to striatal-based disease states may unveil novel therapeutic opportunities. 
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Below I review known mechanisms of Parkinson’s disease and schizophrenia and suggest 

how rILNstriatal signaling may contribute to or ameliorate abnormal functioning in 

each of these disorders. 

Parkinson’s disease 

 The degeneration of nigral dopamine neurons in Parkinson’s disease accompanies 

the development of symptoms including motor dysfunction as well as cognitive deficits 

(i.e. attention, working memory, and cognitive flexibility), and impaired motivation 

(Chaudhuri et al., 2011). The breadth of these symptoms underscores the role of basal 

ganglia signaling in behavior. This pathological loss of dopamine signaling induces 

profound alterations to striatal circuitry. As characterized in dopamine-depletion models, 

the loss of striatal dopamine induces compensatory changes by which intrinsic 

excitability increases in D1-MSNs and decreases in D2-MSNs (Fieblinger et al., 2014). 

Whereas one study identified dendritic atrophy selective for D2-MSNs (Day et al., 2006), 

another found that both MSN cell types exhibit dendritic atrophy (Fieblinger et al., 2014) 

The synaptic weights of remaining corticostriatal synapses are differentially altered: 

cortical synaptic strength is decreased on D1-MSNs and increased on D2-MSNs 

(Fieblinger et al., 2014). Investigation of thalamostriatal circuits reveals similar changes. 

Dopamine depletion induces a bias for Pf synaptic activation of D2-MSNs due to a loss 

of AMPA receptors on D1-MSNs (Parker et al., 2016). However, augmented ChI 

signaling also appears to contribute to this bias (Tanimura et al., 2019; Ztaou et al., 

2016). The synaptic changes observed in these models collectively suggest that D2-MSN 

output pathway signaling dominates the Parkinsonian basal ganglia. Reducing this bias, 



163 
 

either through inhibition of Pf projections (Parker et al., 2016), cortical inputs (Kreitzer & 

Malenka, 2007), or ChIs (Ztaou et al., 2016) restores motor function.  

Although the rILN has not been specifically studied in dopamine-depletion 

models, this striatal projection may be therapeutically useful. As a robust elicitor of 

striatal dopamine, rILN activation may provide critical stimulation of the remaining 

nigral axons. Parkinsonian individuals present paradoxical movement: visually-cued 

actions that are flawlessly executed. Whereas some propose that these movements are 

mediated independently of the basal ganglia through cerebellar circuits (Glickstein & 

Stein, 1991), the exact mechanism is unknown. The rILN may facilitate this phenomenon 

through its connectivity with sensory systems, cortical motor areas and cerebellum. 

Therefore, interventions targeting this thalamic center may reveal novel mechanisms to 

restore function. 

A complication to this proposal, however, is the observation of thalamic 

pathology in the Parkinsonian brain. Degeneration of the intralaminar nuclei due to 

alpha-synuclein deposition is observed in Parkinson’s and Loewy Body diseases 

(Halliday, 2009). The exact cause of this degeneration is unknown. There is some 

evidence suggesting that dopamine denervation precipitates retrograde glutamatergic 

excitotoxicity (Morales et al., 2013), but other studies indicate that thalamic damage 

occurs independently of dopamine depletion (Kusnoor et al., 2012; Parker et al., 2016). 

Of the rILN, the CL appears most vulnerable to degeneration (Brooks & Halliday, 2009). 

This finding is noteworthy as the CL provides the strongest projection to the DLS. 

Parkinsonian patients exhibit impairments in habitual learning (Knowlton et al., 1996), 

necessitating compensatory over-reliance on goal-directed strategies. Given that the DLS 
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governs automatized actions, this clinical finding may suggest that rILN hypofunction 

contributes to Parkinson’s disease symptomology. Further study of the cause and role of 

rILN damage in the Parkinson’s disease may present novel treatment options. 

Schizophrenia 

 Schizophrenia presents a constellation of symptoms encompassing sensory, 

motor, and cognitive dysfunction. This disorder is marked by a number of impairments 

related to goal-direction behavior, including motivation (Hartmann et al., 2015) and 

reward learning (Culbreth et al., 2020; Gold et al., 2008; Morris et al., 2018). Individuals 

with schizophrenia also exhibit deficits pertaining to motor synchronization (Wilquin et 

al., 2018), action sequence fluency (Delevoye-Turrell et al., 2007), and demonstrate 

increased motor flow (involuntary movements during voluntary actions) (Hoy et al., 

2009). These symptoms collectively suggest that basal ganglia dysfunction may 

contribute to disease pathology. In support of this, dopamine transporter expression is 

reduced in the dorsal striatum of individuals with schizophrenia (Sekiguchi et al., 2019), 

which may be responsible for hyperactive striatal dopamine signaling observed in 

neuroimaging studies (Abi-Dargham et al., 2009). 

 Whereas excessive striatal dopamine signaling may contribute to schizophrenia 

pathology, there is also evidence for thalamic hypofunction. Decreased levels of NMDA, 

AMPA, and kainate receptors are found in post-mortem thalamic tissue (Watis et al., 

2008). Moreover, patients exhibit reduced thalamic volume and structural alterations as 

well as altered thalamic connectivity with cortex and striatum (Steullet, 2019). Thalamic 

hypoactivity is observed in patients who perform poorly on oculomotor tasks requiring 

cognitive control (Camchong et al., 2006). Although neuroimaging methods obscure the 
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precise circuits involved, these cognitive deficits are presumed to be mediated by reduced 

mediodorsal thalamusPFC signaling (Huang et al., 2019). Given that the rILN lies 

immediately adjacent to this nucleus and also projects to the PFC, these nuclei may also 

participate in schizophrenia pathology.  

In support of the presence of rILN hypofunction, eliminating NMDA receptors 

from the intralaminar nuclei induces deficits in working memory, spatial memory, and 

attention in mice (Yasuda et al., 2017). These animals also exhibit altered sleep patterns 

and reduced cortical oscillatory activity; symptoms that are present in schizophrenia. The 

generation of this phenotype through NMDA receptor deletion suggests that loss of 

excitatory inputs to the rILN produces general hypofunction that may be responsible for 

some of the negative symptoms and cognitive deficits observed in schizophrenia. How 

this loss of thalamic input to the striatum interacts with hyperactive striatal dopaminergic 

signaling remains to be determined. One may imagine that the weakening of thalamic 

input to drive and potentiate MSN ensembles mediating reinforced actions may 

contribute to action-outcome learning deficits (Culbreth et al., 2020; Morris et al., 2018). 

Abnormally high striatal dopamine levels may produce aberrant potentiation or 

depression of circuits impinging on MSN populations, an effect that may be akin to 

lowering the signal to noise ratio on striatal output signaling. D1-MSNs, which are 

normally buffered from dopaminergic tone due to low receptor binding affinity, may be 

especially vulnerable to this modulation. Further research is needed to determine the 

consequences of this thalamic hypoactivity and dopaminergic hyperactivity on striatal 

signaling. In my experiments, I found that suppressing rILN activity at action initiation 

and reward retrieval resulted in less frequent and slower execution of rewarded actions. 
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Therefore, rILN hypofunction may result in failure to strengthen striatal circuits that 

promote reward seeking behavior and action-outcome learning. Therapeutic interventions 

to restore rILN activity may improve executive function and goal-directed behavior in 

patients. 

4.7 Future Directions 

In the present chapter, I discussed how the rILN may contribute to goal-directed 

behavior at the levels of dopaminergic signaling, striatal circuitry, and basal ganglia 

function (Fig. 4.3). Additional study is required to validate these proposals and further 

elucidate the role of the rILN in striatal-governed behaviors. Several additional 

considerations for future investigation on this subject are discussed below. 

Does the rILN contribute to action and reinforcement learning? 

In chapter III, I show that the rILN signals during action initiation and reward 

retrieval throughout FR5 task acquisition and mastery. Whether the rILN actively 

participates in action learning remains to be determined. The motor cortex is shown to be 

necessary for the acquisition of DLS -localized action sequences but is not required for 

post-learning action execution (Kawai et al., 2015). Recent work suggests that the 

intralaminar nuclei facilitate the execution of learned action sequences. Silencing 

thalamostriatal input to the DLS causes animals to revert back to suboptimal performance 

observed in early learning that does not recover with additional training (Wolff et al., 

2019). This latter finding suggests that thalamostriatal signaling may contribute to action 

learning. 
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Figure 4.3. The rILN guides action reinforcement. A conceptual framework for how 
the rILN may facilitate action reinforcement. The action of a mouse lever pressing 
(bottom) is enabled through converging excitatory inputs conveying content (from the 
cortex) and an initiation signal (from the rILN) into the striatum (middle). The rILN also 
signals when a rewarding outcome occurs. These rILN signals serve to sculpt striatal 
output signaling through both direct potentiation of MSNs and axo-axonically evoked 
dopamine release through cholinergic interneurons (top). Together, these two 
mechanisms bias basal ganglia direct pathway signaling. The occurrence of such activity 
at both the initiation and reward outcome reinforces lever pressing for future rewards. 
Figure created with BioRender.com. 
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Given that thalamostriatal projections modulate corticostriatal signaling (Ding, 

2010), the rILN may participate in action sequence learning by inducing plasticity at 

motor cortex synapses in the striatum. This possible role is supported by the finding that 

execution of learned stereotyped actions requires long term potentiation of excitatory 

synapses in the DLS (Wolff et al., 2019). Whether this plasticity occurs at corticostriatal 

or thalamostriatal synapses remains to be determined, but either scenario may be 

mediated by rILN signaling. I attempted to test whether optogenetically activating 

striatally projecting rILN neurons at the start of FR5 trials may accelerate task learning. 

My results were inconclusive (data not shown), but do not necessarily rule out a role for 

the rILN in this process. Future experiments employing inhibitory rILN manipulations 

will help parse the contributions of this thalamic projection to action and reinforcement 

learning. 

Which afferents drive rILN signaling during goal-directed behavior? 

With a wealth of excitatory, inhibitory, and modulatory afferents converging on 

the rILN, identifying the circuits that drive rILN signaling at action initiation and reward 

acquisition presents a formidable challenge. This task is essential, however, to more fully 

comprehend the contribution of this thalamostriatal circuit to basal ganglia function. 

It is unclear which afferents contribute to action initiation-related rILN signaling. 

Potential candidates may include sensory processing structures including the SC, first and 

higher order thalamic relay nuclei, and visual and somatosensory cortices which may 

promote the generation of actions in response to salient sensory cues. Alternatively, the 

rILN may relay attentional cues from “top-down” cortical regions such as the ACC or 
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from arousal centers in the brainstem. A third possibility is that the rILN may participate 

in striatally-based action execution as coordinated through afferent motor centers. The 

cerebellum, SC, RF, basal ganglia output projection SNr, motor thalamus, frontal eye 

fields, and supplementary motor cortex all project to the rILN, presenting novel circuits 

for the execution of motor plans. Dissecting the circuits that contribute to rILN activity 

during action initiation will aid in determining the nature of the information being 

relayed. 

My characterization of rILN signaling related to reward acquisition provides 

several clues as to the afferent source of this activity. Firstly, I identified that this activity 

required the presence of the reward (rather than mere expectation) and that this signal is 

not altered by reward devaluation. Secondly, the presence of this signal in well-learned 

operant tasks suggests that the afferent circuitry supporting this activity is different from 

that of midbrain dopamine neurons. These findings lead me to propose that the reward 

rILN signal reflects a gustatory response. Gustatory information is received by the 

nucleus of the solitary tract which primarily relays to the parabrachial nucleus (Cho et al., 

2002). The strongest concentration of taste-responsive cells is located in the medial 

parabrachial nucleus (Ogawa et al., 1984), which likely overlaps with caudal medial -

located projections to the rILN (Krukoff et al., 1993). In contrast, the ventral tegmental 

area and substantia nigra pars compacta appear indirectly connected to known gustatory 

circuits with the amygdala serving as an intermediary (Oliveira-Maia et al., 2011), 

although others suggest that the intersection of taste and reward processing may arise 

from amydgala projections the nucleus accumbens (Norgren et al., 2006; Wassum et al., 
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2009). Whereas my proposed circuit requires functional verification, it suggests a novel 

mechanism for appetitive stimuli to inform reward learning and action reinforcement.  

An additional line of research may be to determine whether action initiation and 

reward signals are mediated by the same or heterogenous rILN populations. The presence 

of discrete rILN neurons mediating these signals carries two key implications. First, this 

would suggest a degree of organization among afferent inputs. SNr projections to the Pf 

are topographically organized with respect to basal ganglia loops (Lee et al., 2020). 

Whether such organization exists for the rILN and across its convergent afferents remains 

to be determined. Second, discrete thalamostriatal projections mediating initiation and 

reward signals may suggest differences in striatal targets and physiological effects. 

Projections conveying reward-related activity, for example, may preferentially target 

ChIs to evoke dopamine release or selectively innervate direct pathway MSNs. Evidence 

for such heterogeneity may be found in axon morphology or synaptic characterization 

revealed through single-cell labeling techniques. At present, such characterization is 

limited to a single rILN nucleus (Ellender et al., 2013) or conducted in just a few neurons 

(Unzai et al., 2017). Despite this paucity of data, there is preliminary evidence for 

heterogeneity in rILN innervation of striosome or matrix compartments (Unzai et al., 

2017). Further investigation may reveal additional differences in axonal properties and 

striatal targets. 

Do rILN thalamocortical circuits contribute to goal-directed behavior? 

The contribution of rILN input to striatal function has been long overlooked due 

to these nuclei more strongly innervating the cortex. This oversight is now being 

corrected by the Mathur lab and other groups demonstrating roles for the rILN in striatal 
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signaling and behavior (Chen et al., 2014; Cover et al., 2019; Johnson et al., 2020; Kato 

et al., 2018; Li et al., 2018). However, the rILN may also influence basal ganglia function 

through thalamocortical projections. The rILN innervates prefrontal regions including 

orbital, medial prefrontal, and anterior cingulate cortices (Van der Werf et al., 2002), that 

in turn, project primarily to the DMS (Groenewegen et al., 2016). DLS-targeting cortical 

regions, including motor and somatosensory cortices, are similarly innervated by the 

rILN (McGeorge & Faull, 1989). This anatomical connectivity positions the rILN to 

influence multiple aspects of action learning and goal-directed behavior. Whether the 

rILN contributes to outcome expectation and value imported to the striatum from the 

prefrontal cortex or influences corticostriatal circuits mediating motor plans remains to be 

determined.  

A related line of inquiry pertains to whether action initiation and reward signaling 

is also present in cortically projecting rILN neurons. Visual cortex neurons are more 

responsive to rewarded stimuli (Goltstein et al., 2013; Henschke et al., 2020). Although 

the rILN directly projects to this region (Van der Werf et al., 2002), it is unknown 

whether this circuit facilitates stimulus-reward associations observed in the visual cortex. 

Alternatively, given that rILN thalamocortical activity is associated with consciousness 

(Redinbaugh et al., 2020), such circuits may be relaying arousal signals to mediate the 

salience of or attention to reward-obtaining events. 

Lastly, it is unclear what the prevalence is of dual-projecting rILN neurons. 

Studies in primate and cat suggest that it is rare for a rILN neuron to send axon collaterals 

to both cortex and striatum (approximately 10% of rILN neurons in cat) (Jones, 2007; 

Royce, 1983). However, studies in rodents identified rILN neurons that project to both 
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striatum and cortex (Deschênes et al., 1996; Unzai et al., 2017). If dual-terminating 

neurons are prevalent in the rodent, then one may expect that the photometry signaling 

recorded from striatally-projecting rILN neurons are also being transmitted to cortical 

targets. Determining the prevalence of dual- projecting rILN neurons and photometrically 

monitoring cortically-projecting rILN activity during operant behavior will aid in 

resolving this uncertainty and further elucidate the role of rILN cortical signaling in goal-

directed behavior. 

Are there sex differences in rILNstriatal -mediated behavior? 

 I used male and female mice in the experiments conducted in chapters II and III. 

Whereas I did not identify sex differences in rILN signaling or behavior, it is possible 

that this thalamic projection may intersect with sex-specific striatal signaling. Dorsal 

striatal MSNs show differences in intrinsic excitability and membrane input resistance in 

juvenile and adult rats, respectively (Cao et al., 2018; Willett et al., 2019). Female non-

human primates and rats also have a higher density of D1-D2- receptor heteromer -

expressing neurons, which may confer a higher susceptibility for depressive and anxiety -

like behavior (Hasbi et al., 2020). Whether these differences in MSN properties produce 

differences in rILN-evoked output activity remains to be determined.  

The nucleus accumbens exhibits greater sexual dimorphism, however. The gonadal 

hormone estradiol modulates glutamatergic signaling onto MSNs (Krentzel et al., 2019) 

and enhances cocaine and amphetamine -induced dopamine release selectively in female 

rats (Shams et al., 2016; Yoest et al., 2019). Accordingly, females acquire and escalate 

cocaine self-administration faster than males and self-administer larger amounts of a 

liquid reward in an estradiol-dependent manner (Contini et al., 2018; Shams et al., 2016). 



173 
 

Although my experiments investigated the rILNdorsal striatal pathway, future studies 

may identify a role for rILNnucleus accumbens signaling in sex-dependent reward 

seeking and learning. 

When does the rILN evoke striatal dopamine release? 

Testing the behavioral relevance of rILN-evoked dopamine release, I 

demonstrated that rILN optogenetic self-stimulation depended on D1 receptor signaling 

and was modulated through viral ablation of ChIs (Cover et al., 2019). Whereas these 

results suggest that rILN-induced dopamine signaling is behavioral significant, it is 

unknown when this event occurs during naturalistic behavior. Identifying when such 

activity occurs will critically advance our understanding of how rILN signaling 

influences striatal circuits during goal-directed behavior. In chapter III, I characterized 

the activity of striatally projecting rILN neurons during the FR5 operant paradigm. Using 

this information, one may then optogenetically inhibit ChI signaling during either action 

initiation or reward acquisition in animals learning and performing the FR5 task. 

Although this proposed experiment does not exclusively target the rILNChInigral 

dopamine release circuit, it preserves both rILNMSN signaling and somatically-driven 

dopamine release. Identifying performance impairments during either of these temporal 

manipulations will serve as a starting point for further experiments. Alternatively, one 

may monitor striatal dopamine signaling (with dLight, for example) during the FR5 task 

in animals with and without chemogenetic or optogenetic inhibition of rILN signaling. 

One may then determine whether event-specific reductions in dopamine signaling occur 

as a result of rILN inhibition. Together, these experiments will aid in determining the 

mechanisms by which the rILN facilitates goal-directed action execution. 
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