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Abstract 

Disynaptic Prefrontal Cortical Input to the Dorsolateral Striatum 

Morgan Harris, Master of Science, 2022 

Thesis Directed by: Brian Mathur, Associate Professor, Department of Pharmacology 

 

The dorsomedial striatum (DMS) is responsible for actions that are reversible, 

goal-directed, and require attentional oversight. In contrast, the dorsolateral striatum 

(DLS) is responsible for relatively irreversible, but precise habitual actions that need little 

attentional oversight. In addiction, the balance between these two action strategies is 

shifted toward habits, leading to compulsive behaviors. The DMS is activated by input 

from executive, prefrontal cortical areas of the brain, while the DLS is activated by 

sensorimotor cortices. A major gap in knowledge is how executive cortical centers may 

mediate shifts away from habitually performed actions. While no executive cortical areas 

monosynaptically activate the DLS, we hypothesize the existence of disynaptic circuits 

allowing executive cortical control of the DLS. To test this, we utilized trans-synaptic 

target specific tracing (TranSTart) to reveal that executive cortices disynaptically project 

to the DLS through the basolateral amygdala (BLA) and the rostral intralaminar nuclei of 

the thalamus (rILN).  
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Introduction 

Behavioral Strategies 

In life, thousands of behaviors and actions are completed every day in response to 

stimuli in our environment. These behaviors are generally classified as instrumental 

behaviors (Schwabe and Wolf et al., 2011).  Theories of instrumental behavior point 

towards it being regulated by goal-directed and habitual behavior systems (Balleine and 

Dickinson, 1998) (Balleine and Dickinson, 1991). Goal-directed behaviors are 

instrumental actions performed with the thought of completion of the action and a reward 

received upon completion of that behavior. If the reward is no longer valued, then the 

action is not likely to be completed. For example, if a mouse receives a sucrose pellet 

every time they push a lever, and the mouse is hungry, then the mouse will complete that 

action to get the reward. With repeated performance of an action (or behavior), the 

behavior can become habitual. Habitual behaviors are completed based more on a 

stimulus than the resulting outcome or goal (Balleine and Dickinson, 1998) (Bouton 

2021). Goal-directed behaviors are useful for everyday decision-making and require 

cognitive oversight, while habitual behaviors do not and are advantageous for 

autonomizing everyday behaviors. When the balance between these two behavior 

systems is shifted too far towards habitual behaviors, symptoms of actions disorders such 

as obsessive-compulsive disorder (OCD) and addiction emerge (Gillan et al. 2011) 

(Everitt et al., 2008).  Thus, it is critical to understand how neural circuits control the 

balance between the expression of these two forms of behavior.  

In order to study the switch from goal-directed to habitual behaviors, it is first 

important to be able to identify which behavioral strategy is occurring for a given action. 
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As it is difficult to determine if a behavior is habitual or goal-directed, tools were 

developed to distinguish between these two behaviors. The two widely used experimental 

behavior tools to distinguish between these behaviors are outcome devaluation and 

contingency degradation. The most commonly used is outcome devaluation, which 

includes training a subject with a valued food outcome that is then later devalued. What is 

measured is whether there is a reduced frequency in the expression of the trained action. 

To use the same example, a mouse would be conditioned to perform a task such as lever 

pressing for a food reward, which would then be devalued by satiation or replaced with a 

badly tasting version of the reward. Reduced frequency in lever pressing suggests a goal-

directed behavior, and no reduction in frequency suggests a habitual action (Schwabe and 

Wolf, 2013). For example, when rats are trained to repeatedly self-administer cocaine 

that is then later devalued, they will continue drug-seeking behavior as it had now 

become habitual (Zapata et al., 2010). 

Contingency degradation consists of training of two actions with two different 

outcomes. After training, one outcome is given non-contiguously so that the performance 

of the action does not determine if or when a reward is given (Balleine and Dickinson, 

1998). If there is a decrease in the response to the outcome, the behavior is considered to 

be goal-directed (Gasbarri et al., 2014). Using these methods, when mice were 

conditioned to perform a lever-pressing task to switch between goal and habitual 

behaviors, it was found that orbitofrontal and striatal circuits control the shift from goal-

directed to habitual behaviors (Gremel and Costa, 2013).  
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Behavior and Addiction 

 In addiction, the balance between goal-directed and habitual actions is thought to 

be shifted towards habitual behavior expression. In one exemplifying study, mice 

underwent chronic intermittent alcohol exposure and later operant self-administration of 

ethanol. It was found that mice had an insensitivity to later devaluation, suggesting 

ethanol-seeking behavior shifts from goal-directed to habitual (Renteria et al., 2020). In a 

study done by Corbit et al., rats were trained to lever press for ethanol and were given 

either ethanol or sucrose for 1-8 weeks. After outcome devaluation, it was found that 

responses during the lever-pressing were at first goal-directed but later shifted to 

expressing habitual behaviors after 8 weeks of training (Corbit et al., 2012). Furthermore, 

mice with early-life exposure to cocaine showed less goal-directed actions in adulthood 

during a subsequent nose poke test (DePoy et al. 2016).  When adolescent male mice 

were trained to self-administer cocaine, they showed a later bias toward habitual 

behaviors (DePoy et al. 2016). This transition from goal-directed to habitual actions is 

also seen with non-addictive rewards and extended training (Perez and Dickinson, 2020). 

Drug and alcohol addiction in humans also shows increased habitual behavior 

expression. In a randomized control trial, researchers examined whether acute alcohol use 

would affect goal-directed behaviors with outcome devaluation in humans. They found 

that acute alcohol impairment attenuates goal-directed behaviors (Hogarth et al., 2012). 

When comparing alcohol dependent and healthy control patient outcomes, alcohol-

dependent patients showed impaired goal-directed actions and increased habitual 

behaviors (Sjoerds et al., 2013). Given the evidence for an impairment in goal-directed 

action and a bias toward habitual actions in animal models of addiction as well as in 



 4 

humans suffering from substance use disorder, basic research has heavily focused on the 

neural systems that govern these action strategies. These systems center around a series 

of subcortical structures that process information from the cortex, including the 

orbitofrontal cortex (OFC). This system is called the basal ganglia.  

 

Dorsolateral and Dorsomedial Striatum 

The basal ganglia is a group of subcortical nuclei whose primary functions 

include motor learning and motor control (Lanciego et al., 2012). The dorsal striatum is 

the first nucleus of the basal ganglia to receive input from the cortex and is responsible 

for voluntary movement. The dorsal striatum can be divided into two different areas, the 

dorsolateral striatum (DLS) and the dorsomedial striatum (DMS) (Figure 1A). Both are 

similar in the information carried by neurons, including information related to the stimuli 

and possible responses and outcomes (Burton et al., 2016). It has previously been shown 

that the DMS regulates goal-directed behaviors and DLS regulates habitual behaviors. 

Lesions of the DLS disrupt habit formation while still allowing for goal-directed 

behaviors to occur, which suggests both that the DLS is directly involved in habit 

formation and that when the DLS activity is disrupted, the DMS behavioral pattern is 

then the default (Yin et al., 2004). Conversely, lesions of the DMS allow for only 

habitual actions to be expressed instead of goal-directed actions (Yin et al, 2005). This is 

confirmed in alcohol-seeking behaviors in rats. Following operant training, inactivation 

of the DLS causes rats to become sensitive to outcome devaluation, showing disruption 

of habit formation (Corbit et al., 2012).  
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As the primary input nucleus of the basal ganglia, the striatum receives input from 

the cortex and the thalamus. Early studies showed evidence of a cortico-striatal pathway 

of information through the cortex and basal ganglia (Alexander et al., 1986). These 

cortico-striatal projections have been found in many species including rodents, cats, and 

primates. In primates, retrograde neuronal tract tracers were injected into the cortico-

basal ganglia circuit and used to visualize labeling in the dorsal frontal cortex, anterior 

cingulate cortex, and prefrontal cortex (Cuchnie et al., 2020). Also in primates, 

anterograde neuronal tract tracers injected into the prefrontal and motor cortices showed 

strong projections into the striatum (Takada et al., 2001) (Averbeck et al., 2014) (Choi et 

al., 2016). By using anterograde tracers injected into the primary motor cortex and 

primary and secondary somatosensory cortex of cats, researchers showed significant 

primary motor and somatosensory cortex input into the striatum (Smith et al., 2022). In 

rodents, early retrograde tract tracing studies showed striatal inputs from the prelimbic, 

sensory, and motor cortices (Gerfen 1984). With both retrograde and anterograde tracer 

injections into the dorsal striatum and cortex, researchers further visualized inputs from 

the thalamus and cortex (Pan et al., 2010).  

While the striatum as a whole receives projections from the cortex, these cortical 

areas project differently to the DLS and DMS. The DMS receives projections from the 

prefrontal, orbitofrontal, and anterior cingulate cortices. Lesions of the prefrontal cortex 

disrupt goal-directed learning, thus pointing towards prefrontal cortical connections 

governing goal-directed actions mediated by the DMS (Corbit and Balleine 2003). These 

prefrontal cortical connections have been visualized through retrograde tracing with 

horseradish peroxidase (Gabbot et al., 2005; Balliene et al., 2007). In vivo recordings in 
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the OFC have shown that the OFC projects to both the dorsolateral and dorsomedial 

striatum and lesions of the OFC disrupted the acquisition of goal-directed behaviors 

(Gremel and Costa, 2013). This would suggest the OFC is particularly situated to mediate 

switches between goal-directed and habitual actions. Whether other frontal areas may be 

involved in this process is not known.  

The DLS receives projections from the sensorimotor cortex. Early anterograde 

tracing studies found that biocytin pellets injected into the motor cortex of newborn rats 

showed innervation of the DLS (Christensen et al., 1999). By using retrogradely 

transported horseradish peroxidase, researchers were able to show that both sensory and 

motor cortical areas project inputs to the DLS in the rat brain (McGeorge and Faull 

1989). Cellular recordings in rodents undergoing whisker deflection have further 

confirmed that the primary input to the DLS is the sensorimotor cortex (Reig and Silberg 

et al., 2014; Pidoux et al., 2011). These projections have also been seen using viral 

tracers. In mice, with the use of retrograde and anterograde tracers, researchers identified 

primary somatosensory cortical projections to the DLS (Yan et al., 2020). Anterograde 

tracers injected into the primary and secondary somatosensory cortex in mice showed 

significant projections into the DLS (Alloway et al., 2000).  

Both the DLS and DMS also receive thalamic input. The thalamus has been 

shown to densely project to the striatum (Hunnicutt et al., 2016). The intralaminar nuclei 

of the thalamus projects to the entire striatum, while the parafascicular nucleus strongly 

innervates the dorsolateral striatum (Van der Werf et al., 2002). The DLS receives input 

from the sensorimotor cortex, however recent studies have shown that it also receives 

other sensory input from the vestibular nucleus via the thalamus (Stiles and Smith 2015) 
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(Lai et al., 2000). Anterograde tracing techniques and whisker stimulation experiments in 

mice also showed thalamic inputs to the DLS (Alloway et al., 2013). Anterograde tracers 

used in drug-seeking experiments further confirmed intralaminar thalamic nuclei 

projections to the DMS and DLS and their role in addiction (Li et al., 2018; Davis et al., 

2021).  

Notably, there is known executive cortical control of the DMS but there is no 

known executive cortical control to the DLS, beyond the relatively weak input from the 

OFC.  These projections from the executive cortices to the DMS and lack thereof to the 

DLS are viewed through a monosynaptic lens, as that is the limited view that tracing 

techniques have allowed for thus far. What has not been previously considered is whether 

executive cortices control the DLS through disynaptic connections. To understand how 

such connections may be assayed, a deep dive into neuronal tract tracing technology is 

required.  

 

Tract Tracing Techniques 

 Tract tracers are valuable tools used to visualize synaptic connections and brain 

circuits. One of the earliest forms of tract tracing was Wallerian degeneration, which was 

neuronal degradation first described by Augustus Waller. Waller first visualized this on 

frog neurons when they were severed from their brain or spinal connections (Waller, 

1850). Lesioning of neurons causes axonal degeneration, which then makes the neurons 

more susceptible to silver impregnation allowing for visualization (Fink and Heimer 

1967) (Hoff, 1932). While powerful for its time, this approach suffers from downfalls. 

Lesioning of areas caused damage to the brain, and it was contested as to whether the 
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degradation consistently occurred in an anterograde or retrograde direction. The direction 

of degeneration depended on many factors such as the area studied, age and type of 

animal, and even the type of lesion used to cause the damage (Beirowski et al., 2005). 

Wallerian degeneration is still used today as a method to study brain injury and 

neurodegenerative disorders, but tracing techniques have evolved past needing to lesion 

and damage areas that are going to be visualized (Conforti et al., 2014) (Koliatsos and 

Alexandris, 2019).  

 The next wave of tract tracers developed were retrograde and anterograde tracers. 

These allowed for directional transport and examination of more specific projections. 

Anterograde tracers are taken up by neurons and transported to axon terminals and are 

used to visualize where neurons are projecting to. Retrograde tracers are the opposite and 

trace from axon terminals to cell bodies. These can be used to identify areas that may 

input onto the injected area. Horseradish peroxidase (HRP) is a tracer first described in 

1972. It is taken up by living neurons through endocytosis and stain the cell body. These 

stains are then visualized through light microscopy.  In early uses, it was used to visualize 

hypoglossal neurons in mice and even to visualize nervous system fibers in humans 

(Kristensson and Olsson, 1971) (Beach and McGeer, 1987) (LaVail and LaVail 1972). 

HRP has also been used in visualizing body systems such as visual and nervous systems 

(Baldridge and Chauhan, 2006) (Want et al., 1997). Horseradish peroxidase was first 

used for retrograde tract tracing, but can also be transported anterogradely (Fried et al., 

1991) (Slotnick et al., 2001). At first, HRP was used on its own but was later combined 

with wheat germ agglutinin (WGA) to improve its tracing abilities. Using a combination 
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of HRP and WGA improved uptake of HRP and transport by the neurons (Apps et al., 

2000).  

Fluorescent tract tracers were then developed in the 1980s. They can be used on 

their own or in combination with other tracers such as HRP-WGA combinations.  

Fluorescent tracers such as Hydroxystilbamidine, Fluorogold, Fast Blue, and Diamindino 

Yellow are retrograde tracers used for their easy visualization and low toxicity (Novikova 

et al., 1997). These tracers are inorganic and are taken in by cell bodies through 

endocytosis and expressed in the cytoplasm or nucleus, depending on the tracer 

(Bentivoglio et al., 1980) (Kuypers et al., 1980) (Schofield, 2008). These fluorescent 

tracers have been used for nervous system tracing and motor neuron tracing and continue 

to be used in combination with other tracers (Kristensson 1970) (Yu et al., 2015) 

(Puigdellivol-Sanchez et al., 1998).  

Also introduced in the 1980s was the anterograde tracer Phaseolus vulgaris-

leucoagglutinin, or PHA-L. PHA-L enters cells through membrane-bound carbohydrates 

(Gerfen and Sawchenko, 1984). Biotinylated dextran-amines (BDAs) on the other hand 

are anterograde tracers that enter cells and diffuse into the entire neuron. BDAs can also 

be used as retrograde or anterograde tracers (Strockens and Gunturkun, 2017) (Brandt 

and Apkarian 1992). After these tracers are injected, they are used in combination with 

immunohistochemistry and visualized through microscopy (Raju and Smith, 2006). 

BDAs can also be used in combination with HRP or fluorescent dyes for easier 

visualization (Reiner et al., 2000) (Lazarov 2013). PHA-L tracing has been shown to give 

good, detailed labeling in many species, but researchers have seen some irregularity in 

staining. BDA tracing on the other hand has a high success rate as an anterograde tracer 
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but is not as successful in retrograde tracing experiments (Lanciego and Wouterlood, 

2020).  

Viral tracers were the next generation to be developed. They include rabies, 

herpes simplex virus (HSV), and adeno-associated virus (AAV). These viruses have been 

developed and genetically modified to be able to target more specific cell populations 

than other traditional tracers. These tracers can be static or transsynaptic. Static tracers 

remain in the cell population it was originally injected to, while transsynaptic tracers 

jump the synapse of neurons for more detailed circuit tracing. They are efficient at 

entering cells and the transsynaptic versions of the rabies tracers can jump synapses with 

high expression in single-cell populations (Wickersham et al., 2007).  

Other viral based tracers have more recently been developed. AAV infects both 

dividing and nondividing cells and can be used in many species for anterograde or 

retrograde labeling (Hamilton et al., 2004). HSVs are anterograde neuronal tract tracers 

and are able to integrate into the host genome and spread quickly but can have high 

toxicity and cause neuronal degradation (Xu et al., 2021). They are also the viruses with 

one of the largest viral delivery amounts. Rabies viruses have greater specificity over 

HSVs and do not cause neuronal degradation as quickly (Ugolini 2009). Rabies is also 

the only virus that propagates retrogradely without affecting neuronal metabolism 

(Ugolini 2010). Pseudorabies virus is commonly used in small mammal and rodent 

studies (Arriaga et al., 2015). Rabies viruses have been used in many tracing experiments 

to examine neuronal inputs and can be used for specifying genes of interest and 

connections to single cell populations (Wickersham et al., 2007). Rabies viruses do not 

depend on transgene expression and show strong signaling even with less strong inputs 
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(Weible et al., 2010). These transsynaptic tracers have been used in many tracing studies, 

for example, tracing connections from the cerebral cortex to the viscera and tracing of 

central nervous system circuits in rats (Li et al., 2021) (Rinaman et al., 1999). The rabies 

virus can also be used in combination with targeting techniques for even more improved 

tracing of specific cell types. Cre recombinase can be expressed in specific cell types of 

transgenic mice, then cre-dependent viruses can then be used to identify specified 

projections (Callaway and Luo, 2015). Cre-dependent targeting with rabies virus tracers 

was used in cre-expressing transgenic mice. This combination of techniques was used to 

examine specified monosynaptic connections (Wall et al., 2010). Additionally, rabies 

virus is used for polysynaptic tracing. It allows for visualization of higher order 

connections with its continued retrograde propagation (Ugolini, 2011). This polysynaptic 

tracing with rabies virus allows for visualization across multiple synapses, unlike other 

tracing techniques (Ugolini, 2020). However, because of continued propagation, rabies 

tracers do not allow for visualization of only disynaptic connections. A final limitation is 

that rabies viruses carry a degree of neurotoxicity.  

Previous research has shown strong monosynaptic input from the executive 

cortices to the DMS, but little to the DLS.  However, executive cortices should still have 

some type of agency over these behaviors. Otherwise, organisms would not be able to 

flexibly apply habitual action strategies, or to stop performing habitual action strategies at 

will. It is theoretically possible that there is cortical control of the DLS, but that these 

connections are disynaptic.  We therefore hypothesize that there is disynaptic control of 

the DLS by executive cortical areas. In this study, we will examine possible disynaptic 

circuits of executive cortical control of the DLS by using trans-synaptic target specific 
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tract tracing (TranSTart). TranSTart allows for visualization of disynaptic circuits in 

ways that traditional tracers and polysynaptic rabies tracers do not allow. TranSTart 

includes injecting an anterograde trans-synaptic cre-recombinase expressing virus that 

will travel anterogradely down neuronal axons and produce cre in target cells 

postsynaptic to the area of injection (cortex in our case) (Zingg et al., 2017).  These areas 

will be the anterior cingulate cortex (ACC), the prelimbic prefrontal cortex (PLPFC), and 

the OFC (Figure 1B-D). A retrograde cre-recombinase dependent td tomato-expressing 

virus will then be injected into the striatum; either the DLS or DMS and will travel 

backwards, retrogradely, into the neuronal cell bodies that innervate the striatum. When 

this retrograde virus is present along with the cre, td tomato will be expressed, and the 

cell will fluoresce red.  This way, we will determine if any identified disynaptic circuits 

are unique to the DLS or are also found in the DMS. A full schematic of the TranSTart 

technique is shown in Figure 2.  
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FIGURE 1 | Schematic representation of the dorsolateral and dorsomedial striatal areas 
(A) and cortical areas being examined Anterior Cingulate Cortex (B), Prelimbic 
Prefrontal Cortex (C), and Orbitofrontal Cortex (D) 

 
 
FIGURE 2 | Schematic representation of the TranSTart Method 
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Materials and Methods 

Animals 

Three wild-type mice of both sexes were used in each case of this study. Mice 

were 9-13 weeks of age at the time of surgery and euthanasia. Mice were housed on a 12-

h day/night cycle in groups of 2-5 with food and water available.  

Stereotaxic Procedures and Viral Vectors  

Mice were anesthetized using 3.5% isoflurane and placed in a stereotaxic frame 

with anesthesia maintained through inhalation of 1% isoflurane.  Viral injections in the 

ACC, OFC, and PLPFC were performed unilaterally with 200nL of a transsynaptic cre-

recombinase-expressing virus (AAV1- hSyn-Cre-WPRE-hGh) and 20nL of fluorogold. 

Viral injections in the DLS and DMS were done bilaterally with 250nL of a retrograde 

flex td tomato cre dependent virus (pAAVrg-CAG-FLEX-tdTomato-WPRE) on each 

side. The coordinates used for ACC injections were anterior posterior (AP): +1mm, 

medial-lateral (ML): +/- 0.3mm, dorsal-ventral (DV): -1.1mm. The coordinates used for 

OFC were AP: +2.6, ML: +/- 1.10, and DV: -1.80. The coordinates used for PLPFC were 

AP: +2.0, ML: +/- 0.4, and DV: -1.25. The coordinates used for DLS were AP: +0.6, ML: 

+/- 2.4, and DV: -3.4. Lastly, the coordinates used for DMS were AP: +0.6, ML: +/- 1.2, 

and DV: -3.4. DV coordinates were measured from top of the brain surface. Mice were 

perfused 21 days after viral injection surgery. 

Histology 

Mice were overdosed on isoflurane and perfused with 0.1 M phosphate-buffered 

solution (PBS) then 4% paraformaldehyde (PFA) solution in PBS. After brains were 

extracted, they were placed in a 4% PFA solution overnight. Fifty micrometer thickness 
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slices were obtained using a vibratome and were stored at 4 degrees Celsius in 0.1 M 

PBS. Slices were then washed in 0.1 M PBS and incubated in a 1:2000 dilution of a 

chicken anti-mCherry (Novus biologicals) primary antibody solution. Slices were washed 

again in 0.1 M PBS and then incubated in a 1:1500 594 Donkey anti- Chicken (Jackson 

ImmunoResearch) secondary antibody. Brain slices were then mounted onto frosted 

microscope slides using 117 uL of prolong gold antifade reagent (Invitrogen, Carlsbad, 

CA, United States) as the mountant. The slides were imaged using a Ti2 Nikon 

fluorescence microscope (Nikon, Minato, Tokyo, Japan) with images obtained using 10x 

magnification images stitched together with 10% blending to image the entire slice.  

Results 

The six cases examined (A1.1, A2.1, B1.1, B2.1, C1.1, C2.1) include td tomato 

labeled cells after the anterograde cre-recombinase virus injected into the cortex 

encounters the retrograde cre-recombinase dependent virus injected into the striatum. 

Cell labeling for each case is described below. A representation of viral tracer deposits is 

shown in Figure 3.  
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FIGURE 3 | Schematic representation of the viral tract tracer injection into the anterior 
cingulate cortex (ACC) for cases A1.1 and A2.1 (A), and into the dorsolateral and 
dorsomedial striatum for cases A1.1 and A2.1. (B). Viral tract tracer injection into the 
orbitofrontal cortex (OFC) for cases B1.1 and B2.1 (C) and the dorsolateral and 
dorsomedial injections are depicted for cases B1.1 and B2.1 (D). Viral tract tracer 
injection into the prelimbic prefrontal cortex for cases C1.1 and C2.1 (E) and the 
dorsolateral and dorsomedial striatum for cases C1.1 and C2.1. 

 

Injection Sites 

The anterograde cre-recombinase viral tracer (AAV1-hsyn-cre-wpre-hgh) was 

injected into the ACC (Figure 4A, 4C) unilaterally on the right side of the brain. The 

retrograde cre-recombinase dependent virus (pAAVRG-CAG-FLEX-td tomato) was 

injected bilaterally into the DLS (Figure 4B) or DMS (Figure 4D). Cortical injections 

were also done unilaterally into the OFC (Figure 4E and 4G) and PLPFC (Figure 4I 

and 4K). Bilateral injections were also done into the DLS (Figure 4H and 4J) and DMS 

(Figure 4F and 4L) for each of those cases.  
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FIGURE 4 | Photomicrographs of viral tracer injections for case A1.1 in ACC (A) and 
DLS (B), for case A2.1 in ACC (C) and DMS (D), for case B1.1 OFC (E) and DLS (F), 
for case B2.1 OFC (G) and DMS (H), for case C1.1 PLPFC (I) and DMS (J), for case 
C2.1 PLPFC (K) and DMS (L).   

 

Case A2.1: Labeling following ACC and DMS Injection  

For the ACC DMS circuit injections, labeled neurons were visualized in rostral 

areas of the primary and secondary motor cortex, and somatosensory cortex (AP = +1.98 

to AP = +1.10). The dorsal peduncular area of the cortex also contained labeled neurons 
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(AP = +1.7). Labeled neurons were also seen ipsilateral and contralateral to the injected 

anterior cingulate cortical area continuing into dorsal areas of the anterior cingulate 

cortex (AP = +0.98). The anteromedial nucleus of the thalamus (AM) contained clearly 

labeled cell bodies (AP = -0.58). Portions of the rostral intralaminar nucleus of the 

thalamus (rILN) also contained labeled cells. These were observed in both the central 

lateral (CL) and central medial (CM) areas (AP = -0.94 to AP = -1.22). Additionally, the 

basolateral amygdala (BLA) also contained labeled neurons and fluorescent fibers 

unilaterally (AP = -1.06) (Figure 5, 6A, 7A). 
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FIGURE 5 | Chartings of labeled cells following viral injections into the ACC and DMS 
(case A2.1). The chartings were made onto plates modified from Paxinos and Watson 
(2014).  
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FIGURE 6 | Selected photomicrographs of Basolateral Amygdala Labeling (AP = -0.94) 
mm from bregma) for case A2.1 (A), A1.1 (B), B2.1 (C), B1.1 (D), C2.1 (E), and C1.1 
(F) Scale bar: 500 μm. 
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FIGURE 7 | Selected photomicrographs of the rostral intralaminar nucleus of the 
thalamus labeling (AP = -1.06 mm from bregma) for case A2.1 (A), A1.1 (B), B2.1 (C), 
B1.1 (D), C2.1 (E), and C1.1 (F) Scale bar: 500 μm. 
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Case A1.1: Labeling following ACC and DLS injections  

Labeled fluorescent neuronal cell bodies were seen in rostral ACC and motor 

cortex (AP = +1.98 to AP = 1.10). Labeled neurons were also seen contralateral to the 

ACC injection site. Labeled cell bodies were seen in the anteromedial thalamic nucleus 

(AM) of the thalamus (AP = -0.70) (Figure 9A). Labeling was seen in the CM and CL 

portions of the rILN (AP = -0.94 to AP = -1.22). Fluorescent cells were also seen in the 

BLA. These BLA cells also had labeled fluorescent fibers clearly contained in the BLA 

(AP -1.07) (Figure 8, 6B, 7B). 

 



 23 

 
 
FIGURE 8 | Chartings of labeled cells following viral injections into the ACC and DLS 
(case A1.1).  
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FIGURE 9 | Selected photomicrographs of Anteromedial thalamic nucleus (AM) (AP = - 
0.82 mm from bregma) for case A1.1 (A) and piriform cortex (B) and Intermediodorsal 
thalamic nucleus (IMD) for case B1.1 (AP = - 0.94 mm from bregma) (C) Scale bar: 500 
μm. 
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Case B2.1: Labeling following OFC and DMS Injection  

Following OFC and DMS injections in this case, labeled neurons were seen in the 

lateral OFC and frontal association area (AP = +2.6). There was also very sparse labeling 

in the motor cortex (AP = + 0.97).  Labeled neurons were also observed in the CM and 

paracentral (PC) subdivisions of the rILN (AP = -1.5). The anteroventral and mediodorsal 

thalamic nucleus also contained labeled cells (AP = -1.91). These neurons were clear cell 

bodies with little fluorescent fiber expression. BLA expression was seen bilaterally with 

clear cell expression and fibers (AP = -1.06) (Figure 10, 6C, 7C).  
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FIGURE 10 | Chartings of labeled cells following viral injections into the OFC and DMS 
(case B2.1). Injection site fluorescence is shown in red in the middle-left charting. 

 

Case B1.1: Labeling following OFC and DLS injections 

Similar to the OFC and DLS injection case, labeled neurons were observed in the 

OFC ipsilateral and contralateral to the injection site (AP = 2.6). They were also seen in 

the somatosensory area of the cortex (AP = -0.82). The intermedial dorsal nucleus of the 
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thalamus (IMD) also contained clear fluorescent cells along with the rILN and BLA (AP 

= -0.94 to AP = -1.46) (Figure 9C). Some labeled cells were also seen in the granular 

and dysgranular insular cortex (AP = -1.22). Labeled cells were also seen in one case in 

the caudal areas of the piriform area of the cortex (AP = -0.82 to AP = -1.46) (Figure 

9B). Lastly, cells were seen in the rostral areas of the motor cortex (AP = +2.46 to AP = 

+ 2.10) (Figure 11, 6D, 7D).   
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FIGURE 11 | Chartings of labeled cells following viral injections into the OFC and DLS 
(case B1.1). 
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Case C2.1: Labeling following PLPFC and DMS Injections 

The PLPFC and DMS injection site cases contained labeled cells in the PLPFC and ACC 

ipsilateral to the PLPFC injection site (AP = 2.10 to AP = -1.54). Similar to other cases, 

labeled cells were also observed in the (AP = -0.94 to AP = -1.46). BLA labeled cells 

were also visualized (AP = -0.94 to AP = -1.22) (Figure 12, 6E, 7E). 
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FIGURE 12 | Chartings of labeled cells following viral injections into the PLPFC and 
DMS (case C2.1). 
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Case C1.1: Labeling following PLPFC and DLS Injections 

Labeling of neurons in the ACC and PLPFC were observed on the ipsilateral side of the 

PLPFC injection site (AP = 2.10 to AP = -1.54). Some labeled neurons were also seen in 

parts of the motor and somatosensory cortices (AP = +0.50 to AP = -0.94). Lastly, 

labeled neurons were observed in the rILN and BLA. rILN neurons were bright with 

some fiber expression (AP = -0.94 to AP = -1.46). BLA neuronal cell bodies were clearly 

shown along with bright fibers (AP = -0.94 to AP = -1.46) (Figure 13, 6F, 7F) 
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FIGURE 13 | Chartings of labeled cells following viral injections into the PLPFC and 
DLS (case C1.1). 

 

Discussion 

 The present results indicate that executive cortices disynaptically project to the 

dorsolateral striatum. Specifically, the ACC, OFC, and PLPFC disynaptically project to 
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the DLS. Neuronal labeling in the BLA and rILN shows that these areas receive input 

from the cortex and in turn project to the DLS. This circuit was also seen with the DMS 

injections, so the disynaptic executive cortical control through these areas is not 

individual to the DLS. However, neuronal cell body labeling in the IMD and piriform 

cortex was visualized within one animal in case B2.1 and not in other cases, which is 

indicative of a circuit that may be specific to both the OFC and the DLS. Schematics of 

the circuits found are shown in Figure 14. 

 

FIGURE 14 | Schematics of circuits found within each cortical injection site. 

 

The TranSTart method is a novel tracing technique designed to elucidate 

disynaptic circuits. With the combination of an anterograde trans-synaptic cre 
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recombinase virus along with a retrograde cre dependent virus, we can clearly visualize 

intermediate nuclei involved in only disynaptic circuits. Previous tracing techniques have 

allowed for the examination of monosynaptic circuits with AAV viruses all the way up to 

polysynaptic circuits with rabies viral tracers. TranSTart however allows for visualization 

of disynaptic circuits without neuronal death or continued synaptic travel that is seen with 

other tract tracing techniques.  

TranSTart is a powerful tracing tool, however it does have limitations. If injection 

sites are not injected directly into the correct area or if the virus spreads into other areas 

during injection surgeries, there may be some false positive connections visualized. For 

example, in the ACC, DLS and DMS cases, if ACC injections bleed into the neighboring 

motor cortices, the resulting visualized cells would show motor cortical projections to the 

striatum instead of ACC connections. The motor cortex projects to cortical areas such as 

the OFC, agranular insular cortex, and other areas such as the thalamus and striatum. 

False positives may show up as fluorescent cells in these areas (Jeong et al., 2016). 

Similarly, if DLS and DMS injections bleed into the ventral striatum, the visualized cells 

could be a result of ventral striatum circuits instead of the dorsal striatum. The ventral 

striatum has also been shown to receive projections from the prefrontal cortex and 

thalamic nuclei, so false positive neurons could be in these areas as well. The piriform 

cortical cell fluorescence seen in one OFC and DLS injection site case may be an 

example of this type of false positive. The piriform cortex has been shown to project to 

the ventral striatum, so it is possible that the striatal injection may have been slightly too 

far ventral (McGeorge and Faull, 1989). Thus, the piriform cortex neurons may be the 

result of disynaptic connections of the OFC and ventral striatum instead of DLS. While 
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Fluorogold injections are used to visualize the cortical injections, further examination 

may be needed to confirm that the viruses are traveling only to the correct specified areas.   

Tracing studies using anterograde rabies viruses transsynaptic tracing have seen 

that dopamine receptor expressing neurons in the dorsal striatum receive inputs from the 

cortex, thalamus, and amygdala (Guo et al., 2015). These rabies tracer studies have been 

used to examine polysynaptic striatal connections, with the rabies virus transporting 

across 3 synapses through the thalamus and all the way to cerebellar nuclei (Dum and 

Strick, 2013). The results of this study could narrow down these circuits from 

polysynaptic to disynaptic connections.  

This is the first examination of disynaptic executive cortical control of the DLS. 

We discovered connectivity involving the BLA, rILN, and IMD. The rILN has known 

monosynaptic projections to the striatum (Werf et al., 2002). Through tracing studies, it 

has been shown that areas of the thalamus including the rILN and IMD project to the 

ACC in circuits involving pain and memory functions (Xue et al., 2022) (Chi et al., 2010) 

(Wang et al., 2021). Further confirming those studies, Medial thalamic neurons have been 

shown to project to both the striatum and the ACC (Birdsong et al., 2019). Through 

studies using anterograde and retrograde tracers, the rILN has been shown to be 

innervated by many cortical regions including cingulate areas (Prasad et al., 2020) (Van 

der Warf et al., 2002). Another tracer study done in rhesus monkeys also found that 

neurons in the ACC project to OFC layers that eventually project onto the amygdala and 

mediodorsal area of the thalamus (García-Cabezas and Barbas, 2017). In a study 

examining the organization of rat prefrontal cortex projections, using an anterograde 

tracer showed projections from both the OFC and prefrontal cortex to the thalamus 
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(Coizet et al., 2017). Projections from the striatum to the rILN have been shown to be 

associated with drug seeking in rats, thus showing their possible involvement in habitual 

and goal-directed behavioral expression (Li et al., 2018) (Davis et al., 2020). The rILN 

has many behavioral implications including consciousness, arousal, pain, and cognition 

(Van der Werf et al., 2002) (Cover and Mathur, 2021). Given that the rILN is involved in 

many behavioral functions, these executive cortical connections may provide control over 

the rILN’s activity and activation. Activation of the rILN through these cortical 

projections may have a hand in how the rILN goes on to activate the DLS and DMS.   

Monosynaptic connections from the prefrontal cortices to the BLA have been 

seen. The BLA is known to receive projections from the prefrontal cortices such as the 

ACC, OFC, and PLPFC (Gabbott et al., 2005). These connections are often associated 

with behavioral responses such as fear, anxiety, and pain (Huang et al., 2019) (Felix-

Ortiz et al., 2016). The ACC has been shown to input strongly into the BLA and together 

control fear responses (Sun et al., 2020). (Jhang et al., 2018). These strong inputs were 

first seen using retrograde and anterograde tracers such as PHA-L and HRP (Mcdonald et 

al., 1996) (Heidbreder and Groenewegen, 2003) (Sesack et al., 1989). This ACC-BLA 

circuit is also seen to control fear responses (Ortiz et al., 2019). The OFC has also been 

shown to project to the BLA (Rempel-Clower, 2007) (Hoover and Vertes, 2011). These 

inputs have been shown to have a hand in circuits involving emotions and stress 

responses (Kuniishi et al., 2020). The BLA also receives input from PLPFC. These inputs 

have been shown to control circuits involving anxious behaviors (Marcus et al., 2020). 

These connections also go in the opposite direction, with the BLA inputting onto the 

PLPFC, still within these anxiety-related behavioral circuits (Felix-Ortiz et al., 2016). 
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The lateral amygdala is part of the BLA and is a primary input area for sensory inputs to 

the amygdala (Duvarci and Pare, 2014). Thus, the circuit involving the prefrontal cortex 

and BLA may be sensitive to changes in these sensory inputs. Through other classic 

tracing technique studies, it was also shown that the BLA both receives projections and 

input on the prefrontal cortex, along with having some control over OCD symptoms (Sun 

et al., 2019) (Huang et al., 2021).  Future studies could examine how BLA activation 

through fear response and cortical input may affect the activity of the DLS and DMS.  

Both the Piriform cortex and the IMD were both found as possible parts of the 

disynaptic circuit involving the OFC and DLS. The piriform cortex is known to be one of 

the first areas for olfactory information processing and odor identity in mammals (Poo et 

al., 2022). The piriform cortex processes sensory odor information and its main source of 

input is the orbital bulb (Bekkers and Suzuki, 2013). These olfactory bulb excitatory 

inputs provide the main sources of activation and are involved in feedback circuitry that 

affects the ability to identify odors (Franks et al., 2011) (Giessel and Datta, 2013).  

The IMD is involved in memory processing (Markowitsch, 1982). The IMD’s 

role in memory and other cognitive functions has been confirmed through lesion studies 

and has been shown to receive prefrontal input (Mitchell and Chakraborty, 2013). Tracer 

studies have also visualized connections between the IMD and prefrontal cortical areas 

such as the ACC (Jakab et al., 2012). Dysfunction of the IMD is linked with diseases and 

disorders such as schizophrenia and Korsakoff’s syndrome, a memory disorder 

(Pakkenberg et al., 2009) (Kril and Harper, 2012). Other thalamic nuclei such as the 

anteromedial thalamic nucleus (AM) are also involved in selective attention, memory, 

and spatial navigation (Nelson, 2021) (Jankowski et al., 2013). Studies have shown that 
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the thalamus along with the hippocampus together are involved in circuits important for 

episodic and event memory formation (Jankowski et al., 2013). Lesions of the AM have 

also demonstrated its involvement in processing fear memory (de Lima et al., 2017).  

Within disorders such as addiction and OCD, the balance between goal-directed 

and habitual behaviors is pushed towards the pathological expression of habitual 

behaviors (Robbins et al., 2019) (Everitt and Robbins, 2016). These results indicate that 

intermediate nuclei such as the rILN, BLA, and specific to the OFC DLS circuit, the IMD 

are part of a disynaptic executive cortical control circuit of the DLS and DMS. These 

projections may also be disrupted and dysfunctional in addiction. Both the rILN and BLA 

have been implicated in addiction, with a drug-seeking study in rats showing that rILN 

projections to the DLS may be involved in meth-seeking behaviors in female rats (Davis 

et al., 2021). Another study found that the BLA is implicated in the shift from goal-

directed to habitual behaviors in cocaine-seeking in mice (Murray et al., 2015). These 

circuits may be upregulated by cortical input that may be responsible for this increased 

habitual behavior expression. The activity and activation of these intermediate nuclei may 

also affect the activation and regulation of the DLS and DMS habitual and goal-directed 

behavior expression. Future experiments could examine these circuits in the context of 

addiction in behavioral studies to confirm involvement and to describe their specific 

contributions. Manipulating these neurons through optogenetics could allow for these 

disynaptic pathways to be further examined and targeted. These results represent 

unexplored circuits that may be useful targets when developing therapies for disorders 

involving striatal dysfunction and resulting behavior. 
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