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Attentional deficits are defining hallmarks of some of the most prevalent and disruptive 

neuropsychiatric disorders—including attention deficit hyperactivity disorder (ADHD) and 

substance abuse disorders. The anterior cingulate cortex (ACC) is a brain region that is highly 

implicated in shifting attention allocation towards relevant stimuli after unexpected events or 

outcomes occur. Importantly, increases in attention facilitate flexible learning, as attention allows 

you to dynamically filter relevant and necessary information during decision-making. My 

dissertation work seeks to identify the ACC as a novel point of intervention for the treatment of 

neuropsychiatric and addiction disorders by providing an in-depth perspective on its involvement 

in cognitive control and attentional processes. 

My research explores the neural correlates of decision-making by using 

electrophysiology to record single unit activity while rats perform a complex reward-based 

decision-making task, and employing chemical, optogenetic, and epigenetic manipulations to 

modulate attentional correlates in the ACC. I explored the ACC’s role in attention—and how it is 

impacted by drug use—using electrophysiology to record from ACC neurons as both cocaine-



exposed and drug-naïve rats performed a reward-guided decision-making task. Using this task, 

we found a dose-dependent attenuation of ACC signaling after cocaine self-administration, 

which was correlated with decreases in task performance and attention to the task. Rats that had 

self-administered large amounts of cocaine had diminished neural responsiveness to cues, which 

translated into reductions in behavioral measures of attention, disruptions in cognitive flexibility, 

and decision-making impairments. These results both supported previous findings establishing 

the ACC’s role in attentional allocation, and revealed an intake-dependent effect of drugs on 

decision-making and neural encoding.  

In aim 2, we wanted to be able to precisely modulate ACC activity in order to better 

interrogate the role of the ACC in the absence of confounding variables (e.g. cocaine use results 

in the dysregulation of various neural circuits), and conduct within-subject analyses. Thus, in our 

next experiment we used optogenetics to inactivate the ACC, and found that ACC inhibition 

severely impaired task engagement, as evinced by reductions in trial initiations, and trial and 

session completions—resulting in overall impaired session performance. In order to 

disambiguate whether these behavioral deficits resulted from ACC impairment dysregulating 

downstream action-outcome encoding, we performed chemical lesions of the ACC, and recorded 

neural activity from the dorsomedial striatum (DMS)—a downstream brain region that is 

importantly involved in goal-directed behavior—as rats performed the previously mentioned 

decision-making task. Again, we found that ACC lesions resulted in disrupted attention to the 

task, and similar behavioral deficits to the ones we observed following cocaine use. Interestingly, 

we found that DMS encoding was minimally impacted, reinforcing that the observed decision-

making deficits stem from disruptions in attentional signaling and not dysregulations in 

downstream action-outcome encoding. In the aforementioned experiments, we employed an 



array of techniques to dissect how disrupting ACC signaling in a variety of manners impacted 

task performance and engagement, so for our final experiment we sought to explore a 

therapeutically relevant way to potentially repair signaling disruptions that lead to the breakdown 

in attentional signaling. Thus, we turned to epigenetics—specifically, decreasing the expression 

of HDAC5, an enzyme that is involved in negatively regulating gene expression—to explore 

whether epigenetic changes might map onto specific alterations of neural activity and behavior. 

Surprisingly, we found that HDAC5 knockdown in the ACC dysregulates attentional signals that 

are necessary for flexible and adaptive decision-making. Together, these studies established that 

signaling in the functional ACC is importantly involved in attention, and that dampening these 

signals leads to decision-making impairments and decreased task engagement, notably 

characterized by significant reductions in the proportion of initiated and completed trials, and 

prolonged periods of inattention. 
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  1 

Chapter I: Introduction 

Attentional impairment is a characteristic hallmark of a plethora of prevalent 

neuropsychiatric conditions, most notably attention deficit hyperactivity disorder 

(ADHD) and substance use disorders. Within the intricate neural landscape of the brain 

areas involved in decision-making, the anterior cingulate cortex (ACC) emerges as a 

pivotal region implicated in redirecting attention towards salient stimuli following 

unexpected events or outcomes in the service of facilitating adaptive, flexible decision-

making. 

The focal point of my dissertation work revolves around elucidating the role of 

the ACC as a potential target for intervention in the management of neuropsychiatric 

and addiction disorders. By offering a comprehensive examination of its involvement in 

cognitive control and attentional mechanisms, this research endeavors to generate a 

multifaceted neurophysiological and behavioral account of ACC function that provides 

valuable insights into novel avenues for therapeutic interventions aimed at ameliorating 

the attentional deficits that are associated with aberrant decision-making. 

Overview of the neurocircuitry implicated in reward-guided decision-making 

 Decision-making is the process whereby an organism engages in goal-directed 

behaviors which are mediated by the formation of action-outcome associations. Optimal 

decision-making requires behavioral flexibility, outcome prediction, value processing, 

motivation, and attention. It involves an expansive network of brain regions that are 

responsible for learning about environmental cues, encoding expected outcomes and 

their associations, being motivated by valued outcomes, and updating actions to 

optimize behavior to obtain the best outcomes. Broadly, some of the more prominent 
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parts of this network (Figure 1) include the orbitofrontal cortex (OFC), anterior 

cingulate cortex (ACC), basolateral amygdala (BLA), ventral tegmental area (VTA), 

and the striatum. The OFC and BLA learn about valued rewards via midbrain 

dopaminergic (DA) modulation (phasic dopamine release from the VTA) and encode 

predicted outcomes, which are then transmitted to the ventral striatum (VS)—of which 

the nucleus accumbens (NAc) is a major component (Roesch, Calu, & Schoenbaum, 

2007; Wang, 2008; Rudebeck & Murray, 2014). The NAc biases behavior towards cues 

predicting these outcomes, which are subsequently communicated to the dorsal regions 

of the striatum that are responsible for the action-selection of motor output (Wang, 

2008; Floresco, 2015; Burke, Rostein, & Alvarez, 2017). Depending on the outcomes of 

the executed actions, the ACC plays a critical 

role in behavioral flexibility, monitoring 

changes that occur in outcome expectancies in 

the service of behavioral adaptation (Oliviera, 

McDonald, & Goodman, 2007; Sallet et al., 

2007; Bryden et al., 2011). Altogether, this 

circuit is imperative for learning and decision-

making. Because decision-making impairments 

are hallmarks of neuropsychiatric and substance 

abuse disorders, investigating the neural 

correlates of value-based decision-making can provide valuable insight on how to 

rescue these deficits.  

Figure 1: Circuit diagram of the key 

components of the decision-making 

network. Double-sided arrows represent a 

bidirectional flow of information. The ACC 

is highlighted in a different color, as it is 

the focal point of my dissertation.  
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Among the myriad of brain regions implicated in decision-making, the anterior cingulate 

cortex (ACC) emerges as a pivotal hub of cognitive control processes—including attention, 

feedback and error processing, and conflict monitoring (Laubach et al., 2015; Wu et al., 2017; 

Soltani & Izquierdo, 2019; Stolyarova et al., 2019; Schneider et al., 2020; Vázquez et al., 2020; 

Vázquez, Schneider, & Roesch, 2022). My graduate work has focused on the ACC, particularly 

honing in on its role in attentional processing during reward-guided decision-making. Studies 

have illustrated the key role of the ACC in shifting the allocation of attentional resources towards 

behaviorally relevant stimuli following outcome expectancy violations (Bryden et al., 2011; Wu 

et al., 2017; Schneider et al., 2020; Vázquez et al., 2020; Vázquez, Schneider, & Roesch, 2022), 

making this component of the corticostriatal circuit a good target for intervention following 

disruptions in reward-guided learning. 

The role of the anterior cingulate cortex in attention 

The ACC has been linked to numerous cognitive functions including conflict monitoring, 

arousal, surprise, feedback and error processing, perceptual decision-making, prediction errors, 

and attentional control (Rescorla & Wagner, 1973; D’Esposito et al., 1995; Carter et al., 1998; 

Botvinick, 1999; Dayan, Kakade, & Montague, 2000; Paus, 2001; Botvinick et al., 2004; 

Holroyd et al., 2004; Kerns et al., 2004; Weissman et al., 2004; Koob & Volkow, 2010; Bryden 

et al., 2011; Hayden et al., 2011; Narayanan et al., 2013; Laubach et al., 2015; Wu et al., 2017; 

Soltani & Izquierdo, 2019; Stolyarova et al., 2019; Schneider et al., 2020; Vázquez et al., 2020; 

Vázquez, Schneider, & Roesch, 2022). I have studied ACC function within the context of a 

reward-based behavioral paradigm (Figure 2—this paradigm is described, in detail, at the end of 

Chapter I, see Page 14—section titled “Reward-guided decision-making task”) that allows us to 
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parse various critical components of decision-making—among them value encoding, reward 

prediction, and attentional control. This behavioral paradigm was used across all of the studies 

that comprise my dissertation work, and is described in further detail at the end of this chapter. 

Using this task to study ACC function, we have previously found that ACC 

firing correlates with changes in attention proposed by the Pearce and Hall model of 

associative learning (Bryden et al., 2011; Roesch et al., 2012; Vázquez et al., 2020). In 

this model, the attention given to a cue is a product of the average unsigned prediction 

errors generated over trials. Unsigned prediction errors reflect the degree to which an 

outcome is unexpected, and result from the difference between the value of expected 

reward, versus the actual outcome (Pearce & Hall, 1980). 

Following the model, in order for learning to occur, unsigned prediction errors 

should subsequently lead to increases in attention towards the cue (Pearce & Hall, 

1980). Because attention is used to select, maintain, and update the relevant 

representations and contexts necessary for successful task completion, disruptions to 

attention have direct repercussions on goal-directed behaviors and flexible learning.  
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Of note, several human studies have also observed neural correlates of attention 

in the ACC. In fMRI studies manipulating the attentional load of participants, 

increasing attentional demands were found to augment ACC activation (Jovicich et al., 

2001). In another study, individuals participated in an oddball task—a paradigm in 

which repetitive stimuli are presented, and are interrupted by an infrequent and 

Figure 2: Task schematic—the experimental paradigm allows for independent manipulations of reward 

value through variations of delay (Blocks 1 and 2) and size (Blocks 3 and 4) across four sixty-trial 

blocks. On each trial, rats nose-poked into a central odor port to receive one of three odors, and then 

responded in the corresponding fluid well to receive reward. One odor signaled reward in the left well 

(forced-choice), another indicated reward in the right well (forced-choice), and a third odor signaled 

reward at either well (free choice). Forced-choice odors were counter-balanced. Lines at the bottom 

(e.g. light-on, RT, MT, LED-on) delineate important epochs that will be discussed and referenced 

throughout the text. 
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unexpected stimulus—while event-related potentials were recorded (Crottaz-Herbette & 

Menon, 2006). The oddball tasks used in this study involved both visual and auditory 

modalities; researchers found large and reliable N2 and P3 signals in the ACC after 

unexpected stimuli were presented (Crottaz-Herbette & Menon, 2006). N2 and P3 are 

well-studied event-related potentials thought to reflect focused attention (Patel & 

Azzam, 2005; Crottaz-Herbette & Menon, 2006; Krokhine et al., 2020). Using event-

related fMRI, researchers also found that the ACC showed heightened activation during 

the detection of infrequent stimuli compared to frequent stimuli across both the auditory 

and visual oddball tasks (Crottaz-Herbette & Menon, 2006).  

Our findings are also supported by human neuroimaging studies associating 

ADHD—the most prevalent neurodevelopmental disorder which is robustly 

characterized by inattentiveness (Castellanos et al., 2012; Minzenberg, 2012)—with 

maladaptive hypoactivation and volumetric reductions of the ACC (Bush et al., 1999; 

Overmeyer et al., 2001; Dickstein et al., 2006; Seidman et al., 2006; Amico et al., 2011; 

Bush, 2011;  Banich et al., 2013; Bledsoe et al., 2013; Bayard et al., 2018; Hoogman et 

al., 2019; Vogt, 2019; Bayard et al., 2020; Yu et al., 2023). 

In a separate study, researchers used positron emission tomography to measure 

resting glucose metabolism in the ACC and thus track brain activity as subjects with a 

previous history of drug use performed a series of neuropsychological tests that spanned 

several cognitive domains—and found that glucose metabolism in the ACC 

significantly predicted attentional performance (Goldstein et al., 2004). 

Optogenetic manipulations of the ACC 
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While the findings in these human studies provide strong correlational evidence 

of an association between ACC activity and attentional engagement, methodologically 

they do not allow us to establish causality. Optogenetics is an experimental technique 

that allows researchers to activate or suppress the activity of neurons that have been 

genetically modified to express light-sensitive proteins known as opsins (Gradinaru, 

Thompson, & Deisseroth, 2004; Zhang et al., 2007; Chen et al., 2022; Emiliani et al., 

2022). This method can be used to precisely modulate neural activity, allowing 

researchers to examine the effects of this manipulation in real-time, and interrogate the 

role of specific neuronal types at the cellular, circuit, and behavioral levels. Optogenetic 

approaches include using light-activated chloride channels, G protein-coupled receptors, 

and ion pumps (Zhang et al., 2007; Zhang et al., 2019; Chen et al., 2022). Specifically, 

in my dissertation work I used halorhodopsin (NpHR), a commonly used inhibitory 

light-activated chloride pump (see Chapter III for further details). NpHR pumps 

chloride ions into the cell in response to yellow light, thus reducing the cell’s 

excitability and resulting in inactivation (Gradinaru, Thompson, & Deisseroth, 2004; 

Zhang et al., 2007; Chen et al., 2022; Emiliani et al., 2022). 

Using optogenetics to dissect ACC function has been largely unexplored outside 

of the context of studying pain processing. Studies have demonstrated that rats with 

neuropathic pain exhibit hyperactive neuronal activity in the ACC (Elina et al., 2020). 

Additionally, research has shown that optical inhibition of the ACC can alleviate 

neuropathic pain in these rats (Chen et al. 2018; Moon et al. 2017; Elina et al., 2020; 

Moon & Park, 2022), and that inactivation of excitatory neurons in the ACC can 
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increase both mechanical and thermal pain thresholds (Zhuang et al. 2019; Elina et al., 

2020; Moon & Park, 2022). These studies exist completely outside of the framework of 

studying decision-making; however, interestingly, these results can also be framed in 

light of attentional processing—as research has found that orienting attention helps to 

modulate the perception of pain (Chan et al., 2012; Sprenger et al., 2012; Villemure & 

Bushnell, 2012; Lier et al., 2021; Khera & Rangasamy, 2021). Attentional mechanisms 

have been shown to modulate pain transmission via top-down inhibition (Sprenger et 

al., 2012; Kerekes et al., 2021; Battison et al., 2023), suggesting that the involvement of 

the ACC in pain modulation that has been shown by these studies may be attributable to 

its role in attention, not nociception. 

An overview of the dorsomedial striatum—a downstream target of the ACC  

While the aforementioned studies sustain that the ACC plays an important role in 

attention, they do not study the impact of ACC dysfunction on other regions of the corticostriatal 

circuit. One such area, the DMS—a striatal subregion that plays a crucial role in action planning 

and goal-directed behavior (Yin, Knowlton, & Balleine, 2005; Balleine, Delgado, & Hikosaka, 

2007; Thorn et al., 2010; Hart, Leung, & Balleine, 2013; Burton, Nakamura, & Roesch, 2015; 

Brockett & Roesch, 2021)—receives ipsilateral ACC input (Hunnicutt et al., 2016; Choi et al., 

2019). However, there is limited knowledge regarding how the ACC affects downstream DMS 

signaling during reward-based decision-making, despite the importance of the DMS in goal-

directed behavior. 

Our lab has previously looked at how unilateral chemical lesions of the ACC impact 

downstream DMS encoding within the context of inhibitory control (Brockett et al., 2020). In 
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this task—known as the stop-change task—rats develop habitual responding towards a light cue 

that signals in which direction a rat must go in order to receive sucrose reward. On a small 

percentage of trials (20%), a second light cue is presented—100 ms after the initial cue—in the 

opposite direction of the first. On these trials, rats must suppress their prepotent responding 

towards the initial cue, and redirect their responding towards the second cue (Brockett et al., 

2020; Brockett & Roesch, 2021). The study revealed that rats with ACC lesions had higher error 

rates, and a reduced number of DMS neurons that accurately encoded the correct action 

(Brockett et al., 2020; Brockett & Roesch, 2021). Notably, when rats made errors, DMS activity 

was strongly encoding the incorrect response (Brockett et al., 2020). This suggests that the 

functional ACC may be importantly involved in adapting directional DMS signals during trials 

in which rats need to update their responding (Brockett et al., 2020; Brockett & Roesch, 2021). 

Other studies have shown that the DMS not only contributes to goal-directed behaviors 

by reflecting plans for action selection, but also by encoding prediction errors during the 

reception of unexpected outcomes—exhibiting phasic firing increases during receipt of 

unexpected reward, and decreases during unexpected reward omission (Stalnaker et al., 2010; 

Stalnaker et al., 2012). Further, studies have shown that lesions to the DMS promote habitual—

as opposed to goal-directed—decision-making (Balleine & O’Doherty, 2010; Gremel & Costa, 

2013; Burton, Nakamura, & Roesch, 2015; Peak et al., 2020; Balleine et al., 2021).  

Reinforcer devaluation tests in rats that had either their dorsolateral or dorsomedial 

striatum lesioned confirmed that behaviors under these schedules were indeed goal- and habit-

driven, respectively (Gremel & Costa, 2013). Specifically, excitotoxic lesions of the DMS 

impaired goal-directed behaviors, promoting habitual responding; alternatively, lesioning the 
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DLS resulted in an over-reliance on DMS, and increased employment of goal-directed strategies 

(Gremel & Costa, 2013).  

Gaining a thorough understanding of the impact of the ACC on DMS encoding 

during goal-directed decision-making will allow us to assess whether the observed 

changes in behavior following ACC damage are mediated through the DMS.   

Exploring the role of HDAC5 in the context of reward-guided decision-making  

In our final experiment (see Chapter V), we investigated the epigenetic mechanisms 

underlying reward-based decision-making by using viral vectors (adeno-associated viruses 

encoding short hairpin RNA) to knockdown HDAC5 in the ACC, and implanting an electrode to 

record electrophysiological activity as rats performed the reward-based decision-making task that 

will be discussed in the subsequent section (see Page 14, “Reward-guided decision-making 

task”). 

Epigenetic modifications refer to changes in gene expression that arise from alterations in 

chromosomal structure, rather than by changes to the DNA sequence itself (Ravi & Kannan, 

2013). Histone modification is a well-studied epigenetic mechanism that involves processes such 

as methylation, phosphorylation, and acetylation (Ravi & Kannan, 2013; Seto & Yoshida, 2014). 

Histone acetylation is regulated by histone acetyltransferases (HATs) and histone deacetylases 

(HDACs), which add and remove acetyl groups, respectively (Seto & Yoshida, 2014). 

Deacetylation of histones leads to increased electrostatic affinity between histones and DNA, 

generally resulting in reduced gene transcription rates (Seto & Yoshida, 2014; Li et al., 2018; 

Malvaez et al., 2018). HDAC5 is a class IIa HDAC enzyme that shuttles between the nucleus 

and cytoplasm in response to intracellular signaling; it is highly expressed in the brain, 
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particularly in cortical regions, suggesting it may play a crucial role in cortical functions 

underlying learning (Yang & Gregoire, 2005; McQuown & Wood, 2011; Kim et al., 2012).  

Phosphorylation of HDAC5 enables its translocation from the cytoplasm to the 

nucleus, where it can interact with DNA, modifying the acetylation status of histones 

(Greco et al., 2010). This, in turn, impacts the accessibility of chromatin to transcription 

factors, thus affecting the regulation of gene expression (Greco et al., 2010). Studies 

have shown that HDAC5 negatively regulates reward-related behaviors and may play a 

critical role in reward-guided learning (Taniguchi et al., 2018). Studies in rats have 

found decreases in nuclear phospho-HDAC5, and an accumulation of cytoplasmic 

phospho-HDAC5 following cocaine self-administration sessions. These findings 

support previous research showing that once HDAC5 is phosphorylated, it translocates 

from the nucleus to the cytoplasm (Host et al., 2011). 

Overexpression of HDAC5 in the dorsal striatum—a brain region that plays a 

pivotal role in reinforcement learning—has been found to exacerbate inflexible 

decision-making, while inhibition of HDAC enzymes enhances long-term potentiation 

and memory (Levenson et al., 2004; Barrett & Wood, 2008; Morris, Karra, & 

Monteggia, 2010; Burns et al., 2022). Studies have shown significantly increased levels 

of HDAC5 expression in the frontal cortex of individuals with Alzheimer’s Disease 

compared to age-matched controls (Anderson et al., 2015). Cocaine exposure has been 

shown to upregulate the nuclear localization of HDAC5 in neurons in the rodent 

striatum, and overexpression of nuclear-localized HDAC5 suppresses cue- and cocaine 

priming-induced relapse (Taniguchi et al., 2017).  
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There is a growing body of research that examines the impact of epigenetic 

modifications on behavior, studying it within the context of addiction and the 

reinstatement of drug abuse (Renthal et al., 2007; Renthal et al., 2009; Hui et al., 2010; 

Taniguchi et al., 2012; Kenny, 2014; Nestler, 2014; Li et al., 2015; Rubio et al., 2016; 

Taniguchi et al., 2017; Li et al., 2018; Cates et al., 2018; Li et al., 2019). Within this 

literature, HDAC5 was the first HDAC implicated in the negative regulation of synaptic 

plasticity (Kim et al., 2012). Additionally, previous studies have demonstrated that 

dephosphorylation of HDAC5 in the nucleus accumbens reduces the formation of 

reward-context associations, and suppresses the development of cocaine reward 

behavior (Renthal et al., 2007; Taniguchi et al, 2012).  

In the context of plasticity, disrupting HDAC activity has been demonstrated to 

enable transient, early-phase potentiation in the hippocampus, leading to enhanced 

synaptic plasticity—converting short-term, subthreshold learning into long-term, 

transcription-dependent memory (Vecsey et al., 2007; Stefanko et al., 2009). Another 

study found that inhibiting HDAC activity enhanced sensory cortical plasticity 

(Bieszczad et al., 2015). In this study, researchers found that treatment with a class I 

HDAC inhibitor reorganized the primary auditory cortex in a manner that enhanced 

cortical representations of sound cues that were predictive of reward, suggesting that 

HDACs play a role in the gating of how much information is encoded during learning 

(Bieszczad et al., 2015). 

In our lab, we previously examined the effects of HDAC5 overexpression in the 

dorsal striatum on decision-making, and found that HDAC5 overexpression resulted in 



 

13 

 

 

inflexible behavior (Pribut et al., 2021). Further, in the dorsolateral striatum—a brain 

region strongly implicated in habitual behavior (Lipton, Gonzales, & Citri, 2019)–we 

observed a reduction in the number of neurons that fired to reward, and encoding 

shifted towards cues that predicted more immediate reward (Pribut et al., 2021). 

Together, these results are suggestive of a relationship between HDAC5 overexpression 

in the striatum and inflexible decision-making (Pribut et al., 2021).  

Another study exploring HDAC function in the dorsal striatum and its impact on 

behavior found that as habits were formed, HDAC3 was displaced from the promoters 

of genes associated with learning in the striatum (Vecsey et al., 2007; McQuown et al., 

2011; Malvaez et al., 2018), and overexpression of striatal HDAC3 prevented habit 

formation (Malvaez et al., 2018).  

In spite of these findings, the impact of HDAC5 expression modulation on 

decision-making in the long run remains vastly unexplored. More specifically, no work 

has studied how chromatin remodeling in the ACC impacts decision-making. Thus, in 

Chapter V we investigated the impact of HDAC5 knockdown in the ACC, in order to 

advance our understanding of the role of HDACs in complex decision-making.  

By modulating ACC signaling and studying its subsequent impact on behavior, 

my dissertation work aims to contribute to our understanding of the neural correlates of 

attention. My dissertation work employs diverse methodologies that include behavioral 

analyses, in-vivo electrophysiology, optogenetic modulation of neural activity, 

pharmacological lesions, and virus-mediated epigenetic modifications—in the service 

of obtaining a more comprehensive view of the role of the ACC in complex decision-
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making. The following section describes the behavioral task we used across all of these 

experiments in detail.  

Reward-guided decision-making task 

During this task, all training and recording sessions took place within an operant 

conditioning box—one of the walls in this operant chamber contains two houselights, below 

which there is a central odor port situated above two adjacent fluid wells (a left well and a right 

well). Odors were delivered directly into the nose port via a hemicylinder and magnetic solenoid 

valve positioned behind the port. Liquid sucrose (10%) was dispensed into the fluid wells solely 

following correct responses. Houselights would illuminate to indicate the start of a trial, which 

rats would initiate by nose-poking into the central odor port. The houselights would turn off at 

the conclusion of the trial, once the animal exited the fluid well. Entries and exits from the odor 

port and fluid wells were detected via photobeam breaks. 

Importantly, the houselight provides a cue that a new trial is beginning, but rats self-

initiate the trial once the houselight turns on—thus, the latency of nose-poke upon houselight 

illumination allows us to assess task engagement and attention. Once the rat nose-poked into the 

central odor port for 500 ms, a 500 ms odor cue was delivered.  

Each trial featured one of three distinct odors (2-Octanol, Pentyl Acetate, or Carvone). 

One odor instructed the rat to go to the left fluid well for a reward (forced-choice), another 

directed the rat to choose the right fluid well for a reward (forced-choice), and a third indicated 

that the rat could obtain a reward from either well (free-choice). Odors were counter-balanced 

across rats, and their associations remained constant within-rats across sessions. Odors were 

presented pseudorandomly throughout the session, with the free-choice odor appearing in 7 out 
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of 20 trials, while the left and right odors were equally presented (each presented on 50% of 

forced-choice trials). 

Throughout both training and recording, during the first block of each session one fluid 

well was randomly assigned as having a short delay (500ms) to reward, while the other had a 

long delay (1-7 seconds) to reward. For the second block of trials, contingencies were switched. 

Under the long delay conditions, the duration of the delay increased incrementally by 1 second 

each time the rat selected the long-delay well during free-choice odor trials, for up to a maximum 

of 7 seconds. Delay on forced-choice trials was yoked to delay on free-choice trials. During the 

final two blocks of the session, the delay preceding reward delivery remained constant (500ms), 

while the magnitude of the expected reward varied. Reward consisted of a 0.05 ml bolus of 10% 

sucrose solution. For a large reward, an additional bolus was dispensed 500ms after the first 

bolus. Blocks would advance once rats completed 60 correct trials, resulting in 240 trials per 

completed session. In sum, the task is comprised of four independent reward value manipulations 

(short, long, big, and small reward), each being presented in two directions (left and right), and 

being indicated by two stimulus types (free- and forced-choice odors). 

This task consists of four blocks of sixty trials each, which allows us to independently 

manipulate reward value between blocks by varying the delay to (Blocks 1 and 2) or size of 

(Blocks 3 and 4) sucrose reward. In this task, rats must learn the contingencies between odor 

cues and their associated reward, and importantly must update their behavior once these 

contingencies are switched. There are forced-choice trials in which a rat must go to the well 

associated with the presented odor—regardless of reward value—and free-choice trials in which 

a rat may go to either well to receive a reward. Notably, delay to reward was always manipulated 



 

16 

 

 

during the first two blocks, and reward size was manipulated during the final two blocks to 

promote session completion (Bryden et al., 2011; Roesch et al., 2012; Vázquez et al., 2020). 

This paradigm affords us a wealth of behavioral metrics that allow us to parse 

different components of complex decision-making. Optimal task performance requires 

rats to detect unexpected changes in reward value and update behavior accordingly to 

select the more favorable reward outcome on free-choice trials, while maintaining 

accurate responding on forced-choice trials. Thus, accuracy on forced-choice trials 

provides insight into the learning of stimulus-response associations, while free-choice 

responding allows us to assess biases towards differently valued reward. Additionally, 

analyzing responding on free-choice trials following block switches allows us to assess 

behavioral flexibility (i.e. whether they are able to update learning when contingencies 

switch, or whether they sustain biased responding in a maladaptive manner). 

Additionally, this task allows us to measure three distinct and important epochs, 

referred to as light-on latencies, movement, and reaction times. Light-on latencies (the 

time from houselight illumination until nosepoke into the odor port), are an 

operationalization of attention to the task. Since the houselight provides the only cue 

indicating the beginning of a trial, the latency at which the rat nose-pokes in response to 

this cue is a measure of how attentive they are. This task also allows us to measure 

reaction (epoch from odor offset to odor port exit) and movement times (epoch from 

odor port exit to well entry); although attention and motivation are difficult to 

disentangle, reaction and movement times appear to be proxies of motivation, as they 

reflect an acceleration of movement towards reward. Repeatedly across this task, we 
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have seen that—as rats develop behavioral biases towards fluid wells associated with 

higher-valued reward—reaction times become faster and slower for responses towards 

high- and low-valued rewards, respectively (Roesch et al., 2007; Bryden et al., 2011; 

Roesch & Bryden, 2011; Roesch et al., 2012; Burton et al., 2015; Burton et al., 2017; 

Burton et al., 2018; Chapters II-IV). Finally, movement and reaction times allow us to 

disambiguate whether our experimental manipulation impacted attention, and was not 

simply the result of impaired motor control in general (e.g. if light-on latencies are 

significantly different between groups, but movement and reaction times are not). 

Using this task throughout all of the experiments delineated in this dissertation, 

we found that activity patterns within the functional ACC were strongly linked to 

attentional measures, and that inactivating the ACC resulted in disruptions to attention 

were detrimental to task performance. Furthermore, we consistently observed a decline 

in task engagement following ACC dysfunction, primarily characterized by significant 

reductions in trial initiation and prolonged periods of inattention. 
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CHAPTER II: Prior cocaine self-administration attenuates attention signals in the anterior 

cingulate cortex   
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Abstract 

Although maladaptive decision-making is a defining feature of drug abuse and addiction, 

research has not ascertained how cocaine self-administration impacts neural signals in ACC, a 

brain region thought to contribute to attentional control. To address this issue, rats were trained 

on a reward-guided decision-making task; reward value was manipulated by independently 

varying the size of or the delay to reward over several trial blocks. Subsequently, rats self-

administered either cocaine (experimental group) or sucrose (control) during twelve consecutive 

days, after which they underwent a one-month withdrawal period. Upon completion of this 

period, rats performed the previously learned reward-guided decision-making task while we 

recorded from single neurons in ACC. We demonstrate that prior cocaine self-administration 

attenuates attention and attention-related ACC signals in an intake-dependent manner, and that 

changes in attention are decoupled from ACC firing. These effects likely contribute to the 

impaired decision-making—typified by chronic substance abuse and relapse—observed after 

drug use. 

Introduction 

Difficulties in treating addiction arise from vulnerability towards cue-induced cravings 

that lead to relapse and reinstatement of drug seeking behavior (Lee et al., 2006; Perry et al., 

2014; Marchant et al., 2015; Burgdorf et al., 2017). Treating addiction is further complicated by 

drug-induced impairments of circuits that are critical for behavioral control and contribute to 

functions that are imperative for decision-making. Thus, addicts have the onerous task of having 

to overcome withdrawal symptoms and cravings without the aid of fully functioning circuits that 

contribute to optimal behavior. 
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The ACC has been implicated across a number of cognitive functions, including conflict 

monitoring and detection, perceptual decision-making, and attentional control (Rescorla & 

Wagner, 1973; D’Esposito et al., 1995; Carter et al., 1998; Botvinick, 1999; Dayan, Kakade, & 

Montague, 2000; Paus, 2001; Botvinick et al., 2004; Holroyd et al., 2004; Kerns et al., 2004; 

Weissman et al., 2004; Koob & Volkow, 2010; Bryden et al., 2011; Hayden et al., 2011; 

Narayanan et al., 2013; Laubach et al., 2015; Wu et al., 2017; Soltani & Izquierdo, 2019; 

Stolyarova et al., 2019; Schneider et al., 2020; Vázquez et al., 2020; Vázquez, Schneider, & 

Roesch, 2022). Across studies, the ACC contributes to behavioral adjustments that are triggered 

by the occurrence of unexpected events, and plays a key role in shifting the allocation of 

attentional resources toward behaviorally relevant stimuli when there are violations in outcome 

expectancies, uncertainty, or conflict between competing stimuli or behaviors. 

In line with these theories, we previously reported that ACC firing correlates with Pearce 

and Hall-like changes in attention that occur during learning (Bryden et al., 2011). Specifically, 

behavioral measures of attention were correlated with increases in ACC firing on trials following 

unexpected outcomes (i.e., unsigned prediction errors). Furthermore, changes in ACC neural 

firing occurred prior to and during the processing of trial events, as rats adapted to new behavior-

outcome contingencies (Bryden et al., 2011). Here, we explored whether shifts in behavior and 

associated neural correlates in the ACC were impacted by prior cocaine use.  

To address this issue, we recorded from single neurons in the rat ACC while rats 

performed a two-choice reward-guided decision-making task (Bryden et al., 2011; for further 

details, see Figure 2, Chapter I). Recordings took place following twelve consecutive days of 

self-administration and a month-long withdrawal period, in order to assess the neural and 
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behavioral long-term effects of cocaine (Burton et al., 2017, Burton et al., 2018). Optimal task 

performance required rats to track contingency shifts, selecting high-value reward outcomes 

during free-choice trials, all while maintaining accurate responding during forced-choice trials. 

Rats that self-administered cocaine performed worse on forced-choice trials, exhibited a stronger 

behavioral bias towards immediate reward, and exhibited reductions in behavioral measures of 

attention. Here, we demonstrate that expectancy violation-induced behavioral adaptations and 

related ACC firing are impaired following cocaine self-administration. 

Methods 

Subjects 

Male and female Long-Evans rats (n =18; 16M, 2F) were obtained at approximately 2-3 

months of age from Charles River Laboratories, weighing in the range of 150-200g. Rats were 

tested at the University of Maryland (UMD), College Park in accordance with UMD and NIH 

guidelines. During behavioral testing, food was available ad libitum; water intake was restricted 

to ensure motivation for task performance. 

Surgeries 

All rats were trained for six weeks on the reward-guided decision-making task (Figure 2). 

Following training, all rats underwent a surgical procedure during which an intravenous catheter 

(Dow Corning Silastic tubing) was inserted into the right jugular vein, and a drivable chronic 

electrode (8 microwires; 27G cannula) was implanted into the ACC (0.2 mm anterior to bregma, 

±0.5 mm lateral, 1 mm ventral to brain; Bryden et al., 2011, Burton et al., 2017). After one week 

of recovery, the randomly assigned experimental (n = 7; 6M, 1F) and control (n = 11; 10M, 1F) 

groups engaged in cocaine or sucrose self-administration for twelve consecutive days, after 



 

22 

 

 

which they underwent month-long withdrawal period (for further detail, see Burton et al., 

2017; Burton et al., 2018). Rats lever-pressed to receive either cocaine or sucrose on a 

fixed ratio schedule. After each active lever press, a cue light was illuminated for 2.3 

seconds—the duration of each cocaine infusion. Following each lever press, a 20 second 

timeout period occurred during which rats were unable to lever press for reward.  

During the first six days of cocaine self-administration, each intravenous cocaine infusion 

was 1.0 mg/kg (maximum 30 infusions or 3 hours). The infusion dose during the final six days 

was reduced to 0.5 mg/kg (maximum 60 infusions or 3 hours). This procedure allowed us to 

assess escalations in drug-seeking behavior when doses are cut in half to maintain the desired 

level of drug intake. Continuous access to high cocaine doses evokes drug-taking and drug-

seeking behaviors that are consistent with promoting symptoms of addiction, and has been 

shown to change behavior and neural signals in other brain regions (Burton et al., 2017; Burton 

et al., 2018). Further, individual rat variability in lever pressing parallels individual differences 

observed in human drug consumption. The control group followed the same protocol with the 

same parameters delineated above, receiving two sucrose pellets per lever press during days 1-6, 

and only one per active lever press for days 7-12. Recordings (Plexon) during task performance 

began one month after self-administration (Burton et al., 2017; Burton et al., 2018). Electrodes 

were advanced 40 microns daily.  

Neural Analysis 

Our previous work demonstrated that light-on latencies (i.e. time from houselight 

illumination to odor port nose poke) were significantly faster at the beginning compared to the 

end of trial blocks; further, ACC firing increased during early trials and was negatively 
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correlated to light-on latencies (Bryden et al., 2011). In this study, we replicate this analysis by 

examining light-on latencies and firing rates during early (first 10) and late trials (last 10) for 

each trial-type within a block. Other analyses break trials down into 5 trial bins to better display 

time course. Both light-on latencies and firing rate indices were computed to capture differences 

between early and late activity in each trial block (early–late/early+late). Firing rate was taken 

from houselight onset to completion of the response for correct trials only. Wilcoxon tests were 

used to measure significant shifts in the distribution of indices from zero, and to determine 

differences between control and cocaine-exposed groups (p < 0.05). 

Behavioral Analysis 

Behavior in the recording task was analyzed by calculating the percent of correct 

responses on forced-choice trials (the amount of trials the animal correctly responded to the side 

corresponding to the directional odor cue), the percent of trials rats chose a particular valued 

condition (short, long, large, small) on free-choice trials, and reaction times (odor offset to odor 

port exit). Calculations were split into first and last ten trials for each trial-type. We have 

previously shown that analyzing ten trials from each trial-type captures the development of 

learning at the start of trial blocks, and provides a large enough sample to conduct behavioral and 

neural statistics (Burton et al., 2017; Burton et al., 2018). Free-choice reaction times were not 

split into early and late trials due to lower proportions of trials (e.g., fewer low-value choices late 

in the trial block). Behavioral analyses were computed for each individual session (separated by 

cocaine and control groups), and then averaged across sessions for each group. Conducting 

analyses across sessions—instead of across individual subjects—provides a better reflection of 

the neural correlates corresponding to behavior. Importantly, the main behavioral findings 
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described in this paper have been replicated in three different studies. Multi-factor 

analysis of variance (ANOVA; factors included group (sucrose vs. cocaine), reward value 

(high vs. low), value manipulation (size vs. delay), and phase of learning (early: first ten 

trials vs. late: last ten trials per trial type) and t-tests (p<0.05) were used to determine 

differences between the cocaine and control groups. trials per trial type). 

Self-administration 

All rats were trained on the reward-guided decision-making task (Figure 2) prior 

to implantation of electrodes in ACC and intravenous catheters for cocaine self-

administration. Rats self-administered sucrose pellets (n=11) or cocaine (n=7) over the 

course of twelve days. During days 1-6 (1 mg/kg of cocaine or 2 sucrose pellets per lever 

press), the average number of infusions or pellet deliveries across rats out of a maximum 

of 30 was 18.2 (±9.2 standard deviation (s.d.)) and 29.9 (±0.4 s.d.) for cocaine and 

sucrose, respectively. During days 7-12 (0.5 mg/kg cocaine or 1 sucrose pellet per press), 

the average number infusions or pellet deliveries across rats out of a maximum of 60 was 

37.9 (±16.0 s.d.) and 60 (±0 s.d.) for cocaine and sucrose, respectively.  

Cocaine made rats more sensitive to reward delays, worsened task performance, and accelerated 

reaction times 

Replicating previous results, rats exhibited bias toward higher value rewards 

during delay blocks (Burton et al., 2017; Burton et al., 2018). In an ANOVA with percent 

choice as the dependent variable, there was a significant main effect of reward value 

(Figure 3.1a; F(1,2658) = 2781.3, p < 0.01), as both control and cocaine rats preferred 

high-value reward (short; large). There was a significant interaction between group, 
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value, and block phase (F(1,2658) = 415.0, p < 0.001), with cocaine rats choosing high-value 

reward significantly more often than controls in the last ten free-choice trials during delay 

manipulations (Figure 3.1a; t(1197) = 2.08, p < 0.05; d = 0.26). Furthermore, cocaine rats were 

significantly faster at responding on all free-choice trial-types compared to controls (Figure 3.1c; 

ANOVA; main effect of group (F(1,2630)=6.55, p < 0.05; d = 1.3). Although cocaine made rats 

more sensitive to delay manipulations, cocaine and control rats chose large over small reward at 

similar rates (Figure 3.1a; t(1197) = 0.19, p = 0.85; d = 0.06).  

In 

ANOVAs 

with 

percent 

correct 

and 

reaction 

time on 

forced-

choice 

trials as 

the 

dependent 

variables, 

Figure 3.1: a) Percent choice on free-choice trials in each value manipulation over the 

first ten and last ten trials of each block. b) Percent correct on forced-choice trials in the 

same manner as a. c) Reaction time (odor port exit minus odor offset) on all free-choice 

trials for each value manipulation. d) Reaction time (odor port exit minus odor offset) on 

forced-choice trials. For these analyses, behavior was analyzed by session (controls, 

black bars; cocaine, gray bars). Error bars indicate SEM. Asterisks (*) indicate 

significance (p < 0.05) in multi-factor ANOVA and/or post-hoc t-tests. For the cocaine 

group, n = 7; control group, n = 11. 
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we found a main effect of value (percent correct: F(1,2658) = 228.2, p < 0.001; forced-choice 

Figure 3.2a-b, Normalized firing rates (black; epoch = houselights on to well entry) and light-on 

latencies (gray; latency to enter odor port upon houselight illumination) for the average of the last 5 

trials in a block before a switch in contingencies (“pre-block switch”), the trials post-switch in 5 

trials bins, and the average of the last 5 trials in the current trial block (“late in trial block”) for 

control (a; n = 145 cells; 11 rats) and cocaine-exposed (b; n = 123 cells; 7 rats) rats. Firing rates 

and light-on latencies are normalized to the max values within each session, averaged, and then 

subtracted from “Pre-block switch” trials so that comparisons can be made across groups. c, 

Correlation between firing-rate indices (black) and total number of infusions during cocaine self-

administration and between light-on indices (gray) and total number of infusions during cocaine self-

administration. d-e, Distributions of firing-rate indices for controls (d) and cocaine-exposed (e) rats. 

Insets to the right of each panel illustrate normalized average firing during early (dashed) and late 

(solid) trials averaged over all trial-types. Firing is aligned odor onset. Nose poke into the odor port 

occurred 500 ms prior to odor presentation and was triggered by illumination of the houselights. Port 

exit occurred roughly 750 ms after odor onset (500 ms odor presentation + ~250 ms reaction time). f, 

i) Correlation between firing rate indices (d,e) and light-on latency indices (g,i) for control (f) and 

cocaine (i) rats. Black bars in G and I represent sessions where light-on latencies significantly 

differed between early and late trials (ttest; p < 0.05). 
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reaction time: F(1,2658) = 16.84, p < 0.01) and an interaction of value and phase (percent 

correct: F(1,2658) = 144.99, p < 0.01). This indicates that both control and cocaine rats were 

significantly better and faster on high-value forced-choice trials in the late phase of each block. 

Importantly, there was also a main effect of group in the ANOVAs on forced-choice behavioral 

measures (percent correct: F(1,2658)=185.80, p < 0.001; forced-choice reaction time: 

F(1,2658)=112.54, p < 0.001), with cocaine rats being significantly faster and worse on forced-

choice trials compared to controls (Figures 3.1b&d). Notably, the majority of these behavioral 

measures were correlated with the number of cocaine infusions and the differential drug-seeking 

following dosage reduction. We found that both were negatively correlated with percent correct 

on forced-choice trials (infusions versus percent correct: p < 0.001, r2 = 0.08; difference 

between weeks 1 and 2 versus percent correct: p < 0.001, r2 = 0.09) and were positively 

correlated with a response bias towards more immediate reward on free choice trials (infusions 

versus percent correct: p < 0.05, r2 = 0.030; difference between week 1 and 2 versus percent 

correct: p < 0.05, r2 = 0.034). Lastly, there was a significant negative correlation between 

reaction times on forced-choice trials and increases in cocaine seeking during week two 

(difference between weeks 1 and 2 versus percent correct: p < 0.05, r2 = 0.037).  

We conclude that previous cocaine self-administration had a long-term impact on 

behavior—overall, cocaine rats exhibited stronger response biases toward more immediate 

reward on free-choice trials, and were significantly faster and worse on forced-choice trials. 

These results are consistent with previous work demonstrating that cocaine self-administration 

makes rats more impulsive during delay tasks (Saddoris et al., 2016; Takahashi et al., 2019). 

Cocaine self-administration attenuates attentional signals in a dose-dependent manner  
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Previously, we have shown that attention and firing in the ACC is elevated during early 

trials when rats are updating action-outcome contingencies (Bryden et al., 2011). One measure of 

attention is the latency at which rats respond to external stimuli that signal the initiation of 

behavioral trials. Here, we examine how quickly rats nose poke into the central port upon 

illumination of house lights—referred to as light-on latency. Latency to approach the odor port 

precedes any knowledge of the upcoming reward; thus, this measure cannot reflect the nature or 

evaluation of the reward to be received at the end of the trial. Further, this measure cannot reflect 

a reduction in motivation over the course of the session, because latencies are significantly 

shorter on early trials following a block shift, irrespective of the amount of preceding trials 

(Rescorla & Wagner, 1972). Faster light-on latencies are thought to reflect accelerated 

processing of trial events (e.g. cues, responses) as rats increase their reception of unexpected 

shifts in reward contingencies. Light-on latencies might also reflect an investigatory reflex, or a 

reengagement of instrumental task performance (i.e., increased cognitive control). A similar 

phenomenon has been described during recovery from habituation following shifts in learned 

contingencies, mirroring theoretical changes in Pearce and Hall models of attention. Consistent 

with previous reports, light-on latencies became faster several trials after the block transition 

before returning to pre-block switch levels (5 pre-block switch trial bin versus second bin of 5 

trials post-switch (Figure 3.2a; ttest; control: t(144) = 4.80 ; p < 0.0001; cocaine: t(122) = 3.64; p < 

0.0001)). 

To determine the impact that block transitions had on neural firing, we examined neurons 

that increased firing from house light onset (i.e., trial start) to well entry (i.e., completion of the 

behavioral response) averaged across all rewarded trials and trial-types. Neurons that exhibited 
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general increases in firing during the trial were previously reported to increase following 

violations in reward expectancies (Bryden et al., 2011). Overall, 145 (20%) and 123 (21%) of 

ACC neurons increased firing during the ‘trial epoch’ compared to baseline (1 second preceding 

light onset; Wilcoxon; p< 0.05) in control and cocaine exposed rats, respectively. For both 

groups, the proportion of neurons that increased firing during the trial epoch was significantly 

higher than expected from chance alone (p < 0.05), and the frequency of counts relative to the 

total sample did not significantly differ between groups (χ2 = 0.26; p = 0.61). 

As previously reported, we found that ACC activity was stronger at the beginning 

compared to the end of each trial block. As with light-on latencies, firing rate changes in ACC 

were significantly different early in trial blocks (Figure 3.2a ,b). However, unlike changes in 

light-on latencies, firing rate changes were significantly different within the first block of five 

trials (Figure 3.2a, b; 5 pre-block switch trial bin versus first bin of 5 trials post-switch; ttest; 

control: t(144) = 2.32 ; p = 0.02; cocaine: t(122) = 2.41; p = 0.02). Thus, changes in firing preceded 

changes in light-on latencies. 

To further quantify changes from the beginning and end of trial blocks, we computed an 

index that captured differences between early (first 10 trials) and late (last 10 trials) trials for 

each trial-type for each neuron in both control and cocaine groups (index=early-late/early+late).  

For light-on latencies we observed significant shifts below zero for both groups (indicating faster 

latencies early in the trial blocks), with no difference between them (Figures 3.2g&i; Wilcoxons: 

control (n = 145; μ = -0.08; p < 0.0001; cocaine: n = 123; μ = -0.08; p < 0.0001; control versus 

cocaine: z = 0.72; p = 0.47). Likewise, for distributions of firing rate indices, we found 

significant shifts above zero for both groups—indicative of higher firing at the beginning of trial 
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blocks—with no significant difference between groups (Figures 3.2d&e; Wilcoxons: control: n = 

145; μ = 0.23; p < 0.0001; cocaine: n = 123; μ = 0.22; p < 0.0001; control versus cocaine: z = 

1.04; p = 0.30).  

At the single neuron level, firing of 50 (34%) and 24 (20%) of neurons were significantly 

modulated during first compared to the last 10 trials in control and cocaine-exposed rats, 

respectively (t test; p < 0.05). This difference between groups approached significance (χ2 = 

3.76; p = 0.053). Of these neurons, the firing rates of 38 and 12 neurons from control animals 

were significantly higher and lower during the first 10 trials compared to the last 10 trials (t test; 

p < 0.05). For the cocaine group, firing of 22 and 12 neurons exhibited significantly higher and 

lower firing during early compared to late trials, respectively (t test; p < 0.05). Only for controls 

did the counts of neurons that exhibited significantly higher firing during early trials significantly 

outnumber those showing significantly lower firing (control: χ2 = 13.41; p < 0.05; cocaine: χ2 = 

1.44; p = 0.09); however, the frequency of neurons did not differ significantly between groups 

(χ2 = 0.77; p = 0.38). 

In summary, for both groups of rats we found that early increases in ACC firing preceded 

faster light-on latencies—suggesting that the two processes were related, and that ACC might be 

contributing to changes in attention that occur following unexpected shifts in reward 

contingencies. Consistent with our previous work, we show that ACC firing and light-on 

latencies are correlated in control rats (Bryden et al., 2011). In control rats, the two indices were 

negatively correlated (Figure 3.2f; p = 0.009, r2 = 0.05), suggesting that during sessions in 

which ACC firing rates were higher, rats were more attentive. Interestingly, in cocaine rats, the 

correlation was positive but not significant (Figure 3.2h; p = 0.26; r2 = 0.01), and was 
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significantly different than controls (Fisher r-to-z transformation; z = 2.64; p = 0.008), 

suggesting that attentional control was decoupled from firing in ACC after cocaine exposure.   

Next, we explored whether these changes were impacted by the amount of cocaine rats 

self-administered as measured by the total amount of cocaine infused, and the degree to which 

rats escalated drug seeking from week 1 to week 2 during self-administration. Remarkably, we 

found a positive correlation between light-on latencies and both measures of self-administration 

(Figure 3.2c; infusions versus light-on latency indices (p < 0.0001; r2 = 0.20; difference between 

weeks versus light-on latency indices: p = 0.001; r2 = 0.11). The opposite relationship was 

Figure 3.3: Firing-rate indices for upshifts (i.e., shift to short delay or large reward); a, b and downshifts 

(i.e., shift to long delay or small reward); c, d were computed by subtracting late trials (last ten trials) 

from early trials (first ten trials) for each shift type and dividing by the sum (early − late/early + late) for 

control (a, c; n = 145; 11 rats) and cocaine-exposed (b, d; n = 123; 7 rats). Black bars represent cells 

whose firing was significantly different for early compared with late trials 

(t test; p < 0.05). e, f Correlation between up- and downshift firing-rate distributions for controls (e) and 

cocaine-exposed (f) rats. 
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observed between firing rate indices and both measures of self-administration (Figure 3.2c; i.e., 

negative correlation; infusions versus firing rate indices: p = 0.002; r2 = 0.08; difference between 

weeks versus firing rate indices: p = 0.0009; r2 = 0.08). Thus, rats that had self-administered 

more cocaine exhibited reduced attention and attention-related firing early in trials blocks.   

Signals related to both up- and down-shifts in value were impacted by cocaine  

In a final neural analysis, we investigated whether observed drug-induced changes in 

firing rates were more or less pronounced after up- versus down-shifts in value. Recall that block 

shifts were only cued by rats experiencing unexpected increases (i.e., larger or more immediate 

reward: up-shifts) or decreases (i.e., smaller or delayed reward: down-shifts) in reward value. 

One tenant of the Pearce and Hall model of attention is that signals increase following both types 

of value shifts. Indeed, we have shown that firing rate changes in ACC exhibit unsigned 

increases in activity to both up- and down-shifts in value (D’Esposito et al., 1995; Bryden et al., 

2011). Here, we replicate this effect in ACC for both control and cocaine-exposed rats. Firing 

rate indices (early-late/early+late) were significantly shifted in the positive direction for both up- 

and down-shifts in value (Figures 3.3a-d; Wilcoxons: control: up-shift: μ = 0.02; p < 0.0001; 

down-shift: μ = 0.02; p = 0.002; cocaine: up-shift: μ = 0.02; p = 0.006; down-shift: μ = 0.03; p = 

0.001). Further, up- and down-shift indices were positively correlated with each other, 

demonstrating that single neurons exhibited similar increases in firing following either an up- or 

down-shift in value (Figures 3.3e-f; control: p < 0.0001; r2 = 0.22; cocaine: p < 0.0001; r2 = 

0.43). Lastly, both up- and down-shift distributions were negatively correlated with the cocaine 

infusions (up-shifts: p = 0.01; r2 = 0.05; down-shifts: p = 0.003; r2 = 0.07) and increases in drug-



 

33 

 

 

seeking during week 2 during self-administration (up-shifts: p = 0.007; r2 = 0.06; down-shifts: p 

= 0.0007; r2 = 0.10). 

Discussion 

In summary, we show that neural signals related to attentional control in the ACC are 

attenuated following cocaine exposure, and that neural firing and behavioral changes were 

correlated with the degree to which rats self-administered cocaine. Altered attentional control 

observed after cocaine exposure potentially impacts decisions that require increased neural 

processing in the face of competing information, uncertainty, or expectancy violations, likely 

contributing to impaired decision-making that leads to drug use and relapse. 

Here, we have used light-on latencies as a measure for when and how strongly attentional 

control processes are engaged. During performance of our task, faster light-on latencies are 

thought to reflect accelerated processing of trial events (e.g. cues, responses) after unexpected 

shifts in reward contingencies—task reengagement when habitually learned block structures 

must be updated following unexpected shifts in reward value—mirroring theoretical changes in 

Pearce and Hall models of attention. Consistent with this observation, the percent errors that 

occurred early in trials blocks were correlated with changes in light-on latencies. We also think 

that the functional ACC contributes to maintaining attention to cues as block adjustments are 

occurring, allowing rats to follow forced-choice rules while updating action-outcome 

contingencies during free-choice trials. This idea fits with the finding that when attention was 

low, rats tended to perform worse on forced choice trials.  

Overall, neural and behavioral changes observed after cocaine self-administration were 

maladaptive. Cocaine rats were more impulsive in that they exhibited a behavioral bias towards 
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more immediate over delayed reward, and performed significantly worse on forced-choice trials. 

As a result, cocaine-exposed rats acquired less reward overall—due to the non-delivery of 

reward on incorrect forced-choice trials, and because short delay trials were normalized so that 

over-selection of more immediate reward did not result in greater reward over multiple trials.  

Although it is difficult to know the exact homolog of the human ACC, rat ACC 

connectivity does overlap with that of the primate ACC (Bryden et al., 2018), and is optimally 

suited to mediate behavioral control via its monosynaptic projections to the dorsal striatum 

(Gabbott et al., 2005; Mailly et al., 2013), subthalamic nucleus (Mailly et al., 2013), prefrontal 

cortex (Hoover & Vertes, 2007), and locus coeruleus (Maurice et al., 1998). Further, our 

recordings are consistent with signals reported in the primate ACC (Hayden et al., 2011). Our 

findings also align with research in humans studying cocaine-induced impairments of attention 

and cognitive control (Pace-Schott et al., 2008; Balodis et al., 2016; van Son et al., 2016; 

Almeida et al., 2017). Thus, our work likely translates well to the human condition, providing 

additional evidence that elucidates the long-term impact of drug use on behavior and in the 

brain—at the resolution of single neurons—while controlling for confounding variables that 

might impact the findings of research in humans (e.g., life history, polysubstance abuse).  

Studies have already found that neural signals in nucleus accumbens core (NAc), 

dorsolateral striatum (DLS) and ventral tegmental area (VTA) dopamine (DA) neurons are 

abnormal following cocaine self-administration (Saddoris et al., 2016). Cocaine disrupts the 

NAc’s ability to encode reward predictions and expectancies during delays preceding reward 

delivery (Burton et al., 2017). It also impairs signed prediction error signals generated by VTA 

DA neurons, and alters DLS encoding, in line with elevated response biases on free-choice trials 
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(Burton et al., 2017, Brockett et al., 2018). Our findings add a new dimension to the growing 

number of problems that arise after drug use, paralleling observed drug-induced changes to the 

striatal and dopamine circuits that give rise to reward predictions and signed prediction errors. 

We suspect that enhancing ACC firing in cocaine-exposed rats could repair many of 

these deficits—resulting in the redirection of neural resources to relevant task events following 

expectancy violations, subsequently leading to better prediction and error encoding in both NAc 

and VTA DA neurons, and stronger cognitive control over the DLS.  
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Abstract 

Substance abuse studies have given rise to a lot of seminal findings in the field of 

neuroscience; however, the plasticity of the brain—and its consequent ability to engage 

compensatory mechanisms during learning—poses fundamental challenges to these types of 

studies. Our prior research has identified neural correlates of attention in the functional ACC, 

and demonstrated that disruptions in ACC signaling following cocaine self-administration impair 

decision-making. Whether the observed attentional impairments are solely due to these 

attenuated ACC signals, or occur as a result of the global circuit disruptions that arise following 

substance abuse, remains to be studied. Thus, in this study we used optogenetics to transiently 

inhibit ACC activity while rats performed a reward-guided two-choice task previously used in 

our research. ACC inhibition had a profound impact on behavior that extended beyond deficits in 

attention during learning when expected outcomes were uncertain. We found that ACC 

inactivation slowed and reduced the number of trials rats initiated, and impaired both their 

accuracy and their ability to complete sessions. Together, these results suggest that in addition to 

attention-related functions, the ACC contributes to the ability to initiate trials and generally stay 

on task. 

Introduction 

By increasing attention, the anterior cingulate cortex facilitates flexible learning, allowing 

for the online filtering of relevant and necessary information. We previously have seen that—in 

our task—ACC firing at the start of trials, from trial onset until completion of the behavioral 

response, was correlated with changes in attention during flexible learning of response-outcome 
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contingencies on trials following reward prediction errors (Bryden et al., 2011). In another study, 

we found that disruption of ACC signaling after cocaine self-administration results in dose-

dependent decision-making impairments that arise from attenuations in attention during 

behavioral tasks (Vázquez et al., 2020). However, these experiments did not allow us to study 

the ACC’s role in the absence of compensatory mechanisms that might be engaged following 

cocaine self-administration, nor did they allow us to conduct within-subject modulation of ACC 

activity. To address these limitations, we used optogenetics to transiently inactivate the ACC in a 

spatiotemporally precise manner while rats performed the two-choice task (Figure 2) that we 

have previously used to study reward-guided decision-making (Bryden et al., 2011; Vázquez et 

al., 2020).  

We found that ACC inactivation had a profound impact on the rats’ basic ability to 

initiate and complete trials—with rats being slower to initiate trials, and initiating and 

completing fewer trials—which resulted in reduced session completion and obtaining less reward 

overall. ACC inactivation also impaired free-choice performance for contingencies associated 

with learning in the first block of trials (i.e., original discrimination). Inactivation did not impact 

overall movement time or reduce time spent consuming reward, suggesting that the observed 

behavioral impairments during inhibition days were not a result of motor or motivational deficits. 

Together, these findings suggest that optogenetic inhibition not only impairs attention, but it also 

drastically impedes rats’ ability to initiate and sustain task performance. 

Methods 

Male Long-Evans rats (n =10) were obtained at approximately 2-3 months of age 

from Charles River Laboratories, weighing in the range of 150-200g. Rats were tested at 
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the University of Maryland (UMD), College Park in accordance with UMD and NIH guidelines. 

During behavioral testing, food was available ad libitum; water intake was restricted to ensure 

motivation for task performance. They were trained on the aforementioned decision-making task 

(refer to Figure 2 and the in-depth description of the task on pages 14-17) for a month, and then 

underwent surgery. 

Surgery 

Following training, all rats underwent a surgical procedure to receive virus injections and 

fiber optic implants. We bilaterally injected halorhodopsin (AAV-CaMKIIa-eNPHR3.0-EYFP 

from the UNC Vector Core; 0.6μL per hemisphere) and implanted optical fibers into the rat ACC 

(coordinates: 0.2 mm anterior to bregma, ±0.5 mm lateral, and 1.0 mm ventral to brain). The 

virus we used has been reliably established in optogenetics literature (Zhang et al., 2007; 

Gradinaru, Thompson, & Deisseroth, 2008; Zhao et al., 2008; Fenno, Yizhar, & Deisseroth et al., 

2017)—across both in-vivo and in-vitro experiments—as an inhibitory opsin, and one that 

specifically inhibits pyramidal cells as a result of its CamKII promoter (Han & Boyden, 2007; 

Zhang et al., 2007; Arrenberg et al., 2009; Calu et al., 2013; Stefanik et  al., 2013; Kang et al., 

2015; Chang et al., 2016; Gardner et al., 2017; Gholami & Sayyah, 2018; Hart et al., 2020). 

Moreover, patch-clamp experiments using the same halorhodopsin virus we used have shown 

that yellow light illumination results in clear inhibition of excitatory postsynaptic currents, with 

no rebound excitation (de Lima et al., 2022). 

Following a week of recovery after surgery, rats performed the previously described 

decision-making task. Every two days, we alternated between using a blue (control days) or 

yellow (inhibition days) LED to optogenetically inactivate the ACC while rats performed the 
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aforementioned task (Figure 2). Throughout the task, LED delivery randomly occurred on 50% 

of trials—and lasted from the onset of houselights until completion of the behavioral response 

(e.g. “LED-on” period—the epoch from houselight-on to well entry—see Figure 2). During 

sessions, the LED light was shielded so as not to be a distracting stimulus—electrical tape was 

wrapped around the sleeves connecting the optical fibers to the ferrules. Regardless, since our 

control was a blue LED light—if the LEDs were distracting or reinforcing in some way, then that 

would be controlled for as well (Wikenheiser et al., 2017); many studies—both in vivo and in 

vitro—which do optical excitation and inhibition in the same cells—use both halorhodopsin and 

channelrhodopsin; because of the difference in excitation wavelengths, these two opsins can be 

co-expressed (e.g. only yellow light will activate halorhodopsin—blue light will have no impact) 

(Gradinaru et al., 2007; Han & Boyden, 2007; Zhang et al., 2007; Kang et al., 2015; Sharpe et 

al., 2017; Chang et al., 2018). Further—as we will describe below—inhibition also impacted 

trials in which the LED was not illuminated, demonstrating that the behavioral changes observed 

during inhibition sessions cannot be a product of the physical presence of LED illumination. We 

used PlexBright LED Optogenetics Modules controlled by PlexBright Dual LED Commutators 

to deliver light (blue: 465 nm, yellow: 590 nm) via Plexon’s 200 µm core optical fibers.  

Behavioral analysis 

Behavior for each session was analyzed by calculating the total number of reward trials, 

percentage of initiated trials (i.e., how often rats responded to houselights), total number of 

incomplete trials (i.e., rats did not maintain hold centrally or respond to one of the two wells), 

percentage of correct responding on forced-choice trials (i.e., the number of trials the animal 

correctlsy responded to the side corresponding to the directional odor), the percentage of trials 
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rats chose a high-valued condition (i.e., short delay, large reward) on free-choice trials, reaction 

times (odor offset to odor port exit; Figure 2: RT), movement times (port exit to well entry 

Figure 2: MT), time spent in the fluid well after reward onset, and light-on latencies (latency to 

enter odor port upon illumination of houselights; Figure 2: LO Latency). Behavioral analyses 

were computed for each individual session (separated by control and inhibition days), and then 

averaged across sessions within each group. Calculations for completed sessions were split into 

the first and last ten trials of each block. We have previously shown that analyzing the first ten 

trials from each trial type captures learning that occurs at the start of trial blocks, and provides a 

statistically sufficient sample size (Bryden et al., 2011; Burton et al., 2017; Burton et al., 2018; 

Vázquez et al., 2020). Behavioral analyses were computed for each individual session (separated 

by control and inhibition days), and then averaged across sessions within each group. Multifactor 

analysis of variance (ANOVA) statistics with relevant factors were conducted on the above-

mentioned behavioral measures. Factors included experimental manipulation (inhibition vs. 

control session), LED (on vs. off), phase (early vs. late in learning), block-type (delay vs. size), 

discrimination (original vs. learning), and value (high vs. low). Post-hoc ttests corrected for 

multiple comparisons were used to explore significant interaction terms in the ANOVAs. 

Results 

Inhibition of the anterior cingulate cortex reduced the number of trials and sessions completed  

 Rats performed the task for 92 inhibition sessions and 89 control sessions. As previously 

mentioned, LED illumination occurred on 50% of trials, lasting from houselight-on to well entry 

(Figure 2)—as this is the epoch during which we saw firing related to initiation of trials and 

attention during recordings in our previous studies (Bryden et al., 2011; Vázquez et al., 2020). 
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Further, it is during that epoch that we have observed changes in firing due to chronic cocaine 

self-administration (Vázquez et al., 2020). With Figure 4.1, and in the subsequent section, we 

will demonstrate that ACC inhibition had a profound impact on the rats’ basic ability to initiate 

and complete trials. We will first show, by conducting our initial analyses across all behavioral 

sessions–including those that were incomplete (i.e., sessions in which rats did not complete all 

four blocks in the allotted two hours per session)–that general measures of task performance that 

were common across blocks (i.e., percentage of initiated and completed trials, latencies to initiate 

trials, the number of rewarded trials per session, and forced-choice accuracy) were impaired not 

only on LED-on trials, but also LED-off trials. That is, when we included LED (on vs. off) as 

one of the factors in the ANOVA, we found no significant main or interaction effects with the 

LED being on vs. off. For the percentage of initiated trials, light on latencies, percentage of 

completed trials and number of rewards obtained, we found main effects of session-type 

(inhibition vs. control sessions; F(1,339) > 14.4, p < 0.0002), but no significant main or 

interaction effects (F(1,339) 1.52, p > 0.22) with LEDs being on vs. off. To summarize these 

findings, rats were impaired on both LED-on and LED-off trials during inhibition sessions 

compared to control sessions. Due to finding no main or interaction effects with LED on vs. off 

across measures, we collapse across these trial-types in the analysis below.  

Figure 4.1A illustrates the percentage of trials that rats initiated, averaged across sessions 

(bars) and for each individual rat (dots) during inhibition (right) and control (left) sessions. An 

initiated trial is defined by a nose-poke into the odor port upon illumination of the houselights 

(Figure 2; houselight on). If the rat did not initiate a trial within 5s, then the houselights turned 
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off for a 2s time interval. On average, during inhibition of the ACC, there were significantly 

fewer trials initiated in response to the houselights (Figure 4.1A; t(173) = 3.63, p = 0.0004). 
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Figure 4.1: Behavioral analyses across all sessions, comparing inhibition to control days. Bar graphs are 

further broken down into LED-on (labeled “LED+”) vs. LED-off (“LED-”) trials. A) Percentage of times 

that rats initiated trials. B) Average light-on latency denotes the latency to enter odor port upon house-

light illumination (which indicates the beginning of a new trial). C) Average percentage of trials rats 

completed each session, where we define completed trials as trials in which rats executed the entire 

behavioral sequence to completion—maintaining their nose-poke in the central odor port for one second, 

and then responding to one of the two fluid wells (regardless of whether correctly or incorrectly) within 

the allotted three seconds for trial completion. D) Average number of rewarded trials. E) Percentage 

correct forced-choice trials. F) Percentage of times rats chose high-value reward on free-choice trials F) 

Average reaction times (odor offset to odor port exit). G) Average movement times (port exit to well entry). 

H) Correlation between percent correct and light-on latencies on inhibition (black) and control (gray) 

days. For all graphs, lines indicate the averages of individual rats across each condition (control and 

inhibition, n=10); bar graphs represent the average across all sessions within each condition. Asterisks 

indicate significance (p < 0.05); ANOVAs and post-hoc t tests (p < 0.05) were used to determine 

differences between inhibition and control days. 
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Not only did rats initiate trials less frequently, but they were also slower to respond to the 

houselights when they did initiate trials (i.e., nose poking upon houselight illumination). Figure 

4.1B illustrates the latency at which rats responded to the houselights on initiated trials (i.e., 

epoch between houselight onset and rat entry into the central odor port within the 5s of 

houselight illumination; Figure 2: LO latency) during inhibition (right) and control (left) 

sessions. In our previous research, we have found that this measure serves as a proxy for how 

strongly attentional processes are being engaged (Bryden et al., 2011; Roesch et al., 2012; 

Vázquez et al., 2020). On average, during inhibition sessions latencies were significantly longer, 

indicating that rats were slower to initiate trials when the ACC was inhibited (t(173) = 2.80, p = 

0.006).  

So far, we have shown that rats are slow to initiate trials, and did so less frequently on 

inhibition days; additionally, ACC inhibition significantly diminished trial completion. Figure 

4.1C plots the percentage of completed trials – once initiated – during inhibition (right) and 

control (left) sessions. Here, we define completed trials as trials in which rats executed the entire 

behavioral sequence to completion—maintaining their nose-poke in the central odor port for 1s, 

and then responding to one of the two fluid wells (regardless of whether correctly or incorrectly) 

within the allotted 3s for trial completion (Figure 2: nosepoke to well-entry). During inhibition 

sessions, there were significantly more failures to complete trials (t(173) = 2.87, p = 0.005). As a 

result, during inhibition sessions, rats received fewer rewards (Figure 4.1D; t(168) = 3.46, p < 

0.0001) and finished fewer sessions (inhibition = 36 (45%); control = 58 (65%); χ2 = 7.10, p < 

0.01). 
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Additionally, ACC inhibition had a deleterious impact on forced-choice trial accuracy. 

Recall that during forced-choice trials, rats must adhere to the learned stimulus-response 

contingency regardless of the reward value that it produced. Figure 4.1E plots the average 

percent correct over all forced-choice trials during inhibition and control sessions. On inhibition 

days, rats performed significantly worse (Figure 4.1E; t(168) = 4.23, p < 0.0001).  

Inhibition did not impact motivation, motor control, nor the ability to perform the task, but it 

impacted attention 

To ensure that the observed effects of ACC inhibition reducing task involvement and 

impacting performance was not due to a generalized impact on motivation to perform the task or 

motor control, we analyzed the time it took the rat to move across the different trial epochs 

during inhibition and control sessions averaged over trial-types. Reaction time is a measure the 

amount of time rats took to exit the odor port upon odor offset (Figure 2: RT), and movement 

times measured the epoch from odor port exit to well entry (Figure 2: MT). Their reaction and 

movement times on inhibition days were not significantly different from their reaction and 

movement times on control days (Figure 4.2F-G; reaction times: t(168) = 1.31, p = 0.19; 

movement times: t(168) = 0.95, p = 0.34), demonstrating that ACC inhibition was not impacting 

motivation to perform the task (e.g., their latency to approach the well for reward was 

indistinguishable on control vs. inhibition days) or motor control itself (e.g. their movement 

times were not impacted by inhibition).  

Lastly, our previous study found that behavioral measures of attention (the 

aforementioned “light-on latencies”) were associated with better forced-choice performance 

across rats (Vázquez et al., 2020). Thus, here too we assessed whether there was a correlation 
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between light-on latencies and forced-choice performance; we found that faster latencies were 

associated with better forced-choice performance, with no differences between manipulation 

(Figure 4.2H; control: p < 0.01; r = -0.31; inhibition: p < 0.0001; r = -0.41; Fisher r-to-z 

transformation: z = 0.74; p = 0.46)—replicating our previous findings that heightened attention is 

conducive to better performance.  

In summary, ACC inhibition diminished and slowed the ability of rats to initiate and 

complete trials; it also impaired their accuracy on the task, as evinced by diminished forced-

choice accuracy during inhibition sessions. Importantly, reaction and movement times averaged 

over all trial-types and choices were unaffected by ACC inhibition, suggesting that the changes 

in behavior are not related to impaired motor control or decreased motivation. 

ACC inhibition disrupted free-choice selection 

Following these findings, we sought to break down behavior by learning phase and 

reward value manipulations. To do so, we then proceeded to analyze completed sessions only 

(i.e., sessions in which all four blocks were completed; inhibition = 36; control = 58). 

During performance of the reward-guided decision-making task described previously 

(Figure 2), we independently manipulate reward value across two dimensions; during the first 

two blocks, rats choose between an immediate or delayed reward, and during the last two blocks, 

rats choose between a large or small reward. During the first block of trials, optimal responding 

requires that rats track which response direction yields the short delay, and select that direction 

on free-choice trials (i.e. original association). After sixty trials, the location of the short delay 

switches to the opposite side. Thus, in order to respond optimally, rats must detect errors in 

reward prediction and update their free-choice behavior accordingly (i.e., reversal of originally 
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learned contingencies). During the third block 

of trials, the direction that produced the long 

delay now produces a large reward, while the 

reward on the other side remains the same size. 

As a result, rats must switch their selection bias 

back in the original direction in order to obtain high-value reward more often. Finally, in the 

fourth block, side-value contingencies switch for the last time. 

Figure 4.2: Breakdown of free choice behavior on 

completed trials. A) Percentage of times rats chose short-

delay reward on free-choice trials during completed 

sessions, broken down by learning phase (the first ten trials 

in a block, e.g. “early” vs. the last ten trials in a block, e.g. 

“late in the block once contingencies have been learned) 

and side-value contingencies. We refer to the side-value 

contingencies defined in the first block of trials (which are 

repeated in the third block of trials) as the “original” 

learned associations (e.g.  blocks 1&3). In the second block 

of trials, these contingencies were interchanged (Block 2). 

As this is a reversal of the originally learned contingencies, 

we refer to the side-value contingencies defined in the 

second block of trials (which are repeated in the fourth 

block of trials) as the “reversal” of the originally learned 

associations (e.g. blocks 2&4) B) Percentage of times rats 

chose large reward on free-choice trials during completed 

sessions, broken down by learning phase (early in session 

vs. late in session once contingencies have been learned) 

and contingencies (originally learned contingencies vs. 

contingency reversal). C) Percentage of times rats chose 

high-value reward (i.e. collapsing A&B) during completed 

sessions, broken down by learning phase (early in session 

vs. late in session once contingencies have been learned) 

and contingencies (originally learned contingencies vs. 

contingency reversal). 
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We have previously shown that by the end of each trial block, rats learn to bias their 

behavior on free-choice trials towards high-value rewards, and perform worse during reversals—

reflecting the difficulty of overriding the originally learned associations (Bryden et al., 2011; 

Vázquez et al., 2020). Here too, we see that during both inhibition and control sessions, rats 

selected high value rewards more often during the last ten free-choice trials within a block (i.e., 

late) compared to the first ten free-choice trials in the block (i.e., early). We found a main effect 

of phase (F(1,736) = 73.2, p < 0.0001) in a four factor ANOVA with manipulation (control vs. 

inhibition), block type (delay vs. size), reversal (original vs. reversal) and phase (early vs. late in 

learning) as factors. This is illustrated in Figure 4.2, which plots the percentage of times rats 

chose high value reward on free-choice trials across each of the four trial blocks in the order that 

they were run (i.e., blocks 1-4). Interestingly, during blocks of trials where delay was 

manipulated (delay blocks; Figure 4.2A), rats chose short-delay less on inhibition days (black 

bars) compared to control days by the end of block one (i.e., ‘original’) but not block two (i.e., 

‘reversal’). We observed similar effects during blocks of trials where size was manipulated 

(“original” size blocks; Figure 4.2B); however, when the size contingencies reversed, selection 

of the large reward was higher during inhibition. Thus, as expected, during control sessions, 

discrimination performance was better than reversals; however, during reversals, the opposite 

tended to be true. These results are supported by a significant interaction between manipulation, 

phase and reversal in the ANOVA (F(1,736) = 4.56, p = 0.0331), but no significant main effect 

(F(1,736) = 2.50, p = 0.1144) or interaction effects with block-type (F(1,736)’s < 1.59, p’s > 

0.2095).  
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Since there were no significant effects of block-type, we then collapsed data across delay 

and size blocks (Figure 4.2C) to further illustrate that during inhibition days, rats selected high-

value reward significantly less by the end of trial blocks during the original discrimination (ttest; 

t(186) = 2.2346, p = 0.0266), but this effect disappeared following contingency reversals (ttest; 

t(186) = 1.87, p = 0.0716). 

Forced-choice behavior was not significantly impacted during sessions that were fully completed 

During forced-choice trials, rats had to respond in the cued direction in order to receive 

reward (i.e. correct trial); if rats responded in the incorrect well, no reward was delivered (i.e., 

error trial). As a reminder—when analyzing across all sessions, we found that inhibition 

disrupted forced-choice behavior (Figure 4.2E). However, in order to be able to analyze our data 

by learning phase and reward value manipulations, we then conducted analyses across only 

completed sessions (inhibition = 36; control = 58). We found that—when solely analyzing 

sessions that rats were able to complete—there were no significant differences in performance on 

forced-choice trials. As previously reported, we found that rats tended to be more and less 

accurate on high- and low-value forced choice trials, respectively (main effect of value: 

F(1,1472) = 77.1, p < 0.0001; Figures 4.3A&B; solid vs. dashed). This presumably reflects their 

perseverance towards the fluid well associated with the more favorable reward, further 

demonstrating their awareness of block contingencies. As with free-choice behavior, these 

contingency differences are learned within blocks, and the value preferences of the rat are thus 

established by the end of the blocks (interaction effect between phase and value: F(1, 1472) = 

81.79, p < 0.0001). Also noteworthy is that rats performed better in the context of size blocks—

presumably because they are more motivated by obtaining larger rewards and having no delays 
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(main effect of block-type: F(1, 1472) = 30.89, p < 0.0001). Thus—similar to our findings in 

previous studies—we demonstrate that by the end of blocks, rats performed high-value forced-

choice trials with higher 

accuracy, and perform 

better during size blocks 

(Bryden et al., 2011; 

Chapter II). Remarkably, 

there was no significant 

main effect of inhibition 

(F(1,1472) = 0.81, p = 

0.37), nor interactions 

between manipulation 

and value (F(1,1472) = 

1.38, p = 0.24), phase 

(F(1,1472) = 0.40, p = 

0.53) or block-type 

(F(1,1472) = 2.91, p = 

0.09). Thus, when 

considering only 

completed sessions, 

accuracy on forced-choice trials was not impacted by inhibition. This suggests that the observed 

effects on accuracy across all sessions (Figure 4.2E) were driven by session completion—a 

Figure 4.3: Behavioral analyses across completed sessions, with behavior 

during delay blocks on the left column of graphs, and size blocks on the 

right column. Analyses are broken down by learning phase (early in 

session vs. late in session once contingencies have been learned) and 

contingencies (originally learned contingencies vs. contingency reversal). 

A&B) Average percent correct on forced-choice trials during completed 

sessions. C&D) Average reaction times during completed sessions. E&F) 

Average time spent consuming reward during completed sessions. 
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finding which is also consistent with Figure 4.2H, wherein higher heightened attention is 

conducive to higher accuracy. 

ACC inhibition did not reduce the motivational modulation of reaction time  

Similar to accuracy on forced-choice trials, reaction times (odor offset to odor port exit) 

can reflect motivational biases towards more favorable reward (Figure 4.3C&D). That is, as rats 

develop behavioral biases towards fluid wells that are associated with higher-valued reward, 

reaction times become faster and slower for responses into high- and low-value wells, 

respectively (main effect of phase (F(1,1472) = 4.91, p = 0.0269) and value (F(1,1472) = 6.05, p 

= 0.014), and these factors interact (F(1,1472) = 10.22, p = 0.0014)). Further, rats become faster 

overall during size blocks compared to delay blocks. Interestingly, rats were even faster on 

“small” reward trials, which are identical to “short” delay trials (i.e. one sucrose bolus, no delay), 

suggesting that size blocks are generally more motivating (main effect of block-type: F(1,1472) 

= 19.52, p < 0.0001). Notably, the task design is constructed in this way to promote completion 

of all four trial blocks.  

As above for percent correct, we analyzed completed sessions only and found that 

inactivation of the ACC did not globally impact reaction times—as evidenced by no main effect 

of inhibition (F(1,1472) = 0.84, p = 0.3591)—nor did it impact the effect that reward value had 

on reaction times (no interaction between manipulation and value (F(1,1472) > 0.0001, p = 

0.9509). The only significant factor that included manipulation (control vs. inhibition) was the 

interaction between inhibition and block-type (F(1,1472) = 4.54, p = 0.0332), which can be 

explained by overall faster reaction times during size compared to delay blocks. With that said, 

post-hoc comparisons conducted for individual trial types produced no significant effects (ttests 
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comparing control vs. inhibition for early and late phases, and short, long, large and small trial-

types; t(92)’s > 1.46, p’s > 0.1466) suggesting that the interaction emerged from both a slowing 

and acceleration of reaction times in delay and size blocks, respectively.  

ACC inhibition did not reduce time spent consuming reward 

Finally, it might be argued that ACC inactivation decreases the desirability or 

motivational value associated with reward. If true, then rats might spend less time consuming 

reward after delivery, especially late in sessions. To address this issue, we plotted time spent in 

the well after reward delivery (i.e., reward delivery onset to well exit) for all four blocks in the 

order that they were performed (Figure 4.3E&F). As expected, the time spent in the well after 

the onset of reward delivery was longer for large compared to small reward (Figure 4.3F; solid 

vs. dashed). It is no surprise that it took rats longer to drink two drops of sucrose compared to 

one. However, and more interestingly, rats spent the most time in the well following reward 

delivery early in the first block of trials—when they first initiated the task, and thus were most 

thirsty (Figure 4.3E; ‘Original’); this declined over the course of the four trial blocks (main 

effect of phase (F(1,1472) = 33.47, p < 0.0001) and block-type (F(1,1472) = 98.91.54, p < 

0.0001)). Importantly, decreases in time spent in the well across the four trial blocks were not 

more prominent during ACC inhibition, as evidenced by no significant interactions between 

inhibition and phase (F(1,1472) = 0.03, p = 0.8569) or block-type (F(1,1472) = 0.02, p = 

0.8936). Instead, we found a main effect of inhibition (F(1,1472) = 9.64, p = 0.0019), 

demonstrating that rats tended to spend more time in the well post-reward delivery when the 

ACC was inhibited. We speculate that this result reflects the rat’s drive to consume as much 
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reward as possible given their difficulties in initiating and completing trials; regardless, at the 

very least it shows that ACC inhibition did not reduce the desirability of the reward.  

Discussion 

We have previously published two studies highlighting the role of the ACC in shifting the 

allocation of attentional resources towards behaviorally relevant stimuli following outcome 

expectancy violations, and how disruption of these attentional signals via cocaine self-

administration leads to impairments in decision-making and cognitive flexibility (Bryden et al., 

2011; Vázquez et al., 2020). In these studies, we showed that ACC firing was correlated with 

behavioral shifts in attention following unsigned prediction errors—as rats updated previously 

learned behavior-outcome contingencies. Additionally, we found that chronic cocaine self-

administration attenuates attention-related ACC signals, which correlated with a variety of task 

impairments (Chapter II). From these results, we had hypothesized that ACC signaling must give 

rise to specialized functions related to attention and cognitive control that promote optimal 

reward-guided decision-making when contingencies change. Here, we tested this prediction by 

transiently inactivating the ACC using optogenetics. We found that ACC inactivation had a 

profound impact on the rats’ basic abilities to initiate and complete trials, which resulted in fewer 

rewards and completed sessions overall. Importantly, reaction times, movement times, and 

reward consumption averaged across trial-types and choices were not impaired, suggesting that 

these deficits in the rats’ ability to initiate, complete, and attend to the task were not due to motor 

control or motivational deficits.  

Our main hypothesis going into this study was that the functional ACC was necessary for 

allocating attention to reward-predicting cues so that value contingencies can be learned, 
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consistent with studies that have implicated the ACC in reward-processing, conflict monitoring, 

error detection and the allocation of attention (Aarts et al., 2008; Barch, 2001; Botvinick et al., 

2004; Braver, 2001; Carter et al., 1998; Hayden et al., 2011; Holroyd et al., 2004; Hyman et al., 

2013; Kerns et al., 2004; Laubach et al., 2015; Newman et al., 2015; Soltani & Izquierdo, 2019; 

Totah et al., 2009;  Weissman, 2004; Wu et al., 2017; Yeung et al., 2004). In our study, we found 

that ACC inactivation severely impeded continuous task performance—as demonstrated by 

reductions in trial initiations, as well as in diminished trial and session completions; in turn, this 

severely impaired task accuracy. Further, light-on latency—the measure of attention to the task 

we have used throughout our studies—was significantly slower on inhibition days; consistent 

with our previous research, performance on the task was correlated with this behavioral proxy of 

attention to the task (Chapter II; Bryden et al., 2011). 

When analyzing across only completed sessions, the only deficits that we observed were 

on free-choice trials during the original learning, potentially reflecting weaker response-

outcomes associations, which might stem from changes in attention (Krajbich et al., 2010, 2012; 

Nunez et al., 2017; Retzler et al., 2020). 

 Overall, the ACC seems to be critically involved in promoting the initiation and 

completion of trials and behavioral sessions, which might reflect general deficits in attention or 

motivation, or willingness to engage in a cognitively demanding task. Motivation and attention 

are sometimes difficult to disambiguate. Deficits in either could explain the observed decreased 

rates of trial initiation and completion. However, neither explain why there were inhibition 

sessions which rats were able to complete, and how during these completed sessions they were 

still able to reverse contingencies, respond appropriately on forced-choice trials, and show 
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stronger motivation on high value compared to low value reward trials (i.e., rats were better and 

faster on high value forced choice trials). Further, if anything, during completed inhibition 

sessions rats were faster during size blocks relative to delay blocks, and actually spent more time 

in the fluid well consuming reward compared to control sessions. Thus, there were sessions 

during which rats were able to attend to (i.e., respond to cues, reverse contingencies) and process 

motivational cues (i.e., better/faster for high value) during ACC inhibition. Although it is 

difficult to determine whether the observed deficits reflect general decreases in attention, it is 

clear that rats seem to be less engaged with the task during inhibition sessions.  

Inhibition of the ACC resulted in deficits that were present throughout the entire session 

during both LED+ and LED- trials (i.e., did not differentially impact behavior on a trial-by-trial 

basis, but rather had a global impact on task engagement). Thus, it appears that inhibiting ACC 

on only 50% of trials is sufficient to place rats in a generally less engaged state. Studies using 

halorhodopsin have shown that it can enable prolonged hyperpolarization and suppress action 

potentials on a time-scale of minutes, with slow recovery from inactivation (Mahn et al., 2018; 

Zhang et al., 2019), which could also explain why behavioral effects were present during both 

LED on and off trials. 

The lack of engagement throughout the task might reflect the inability to allocate 

cognitive resources to complete trials, but might also specifically reflect the inability to exert 

effort to complete a task that is cognitively demanding. It has been shown that rats with ACC 

lesions are less able to exert effort to obtain large reward (Holec et al., 2014; Hosking et al., 

2014; Walton et al., 2003). For example, studies have found that rats with ACC lesions exhibit a 

decreased inclination to scale a physical barrier in order to acquire a large reward, opting instead 
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for a small reward that requires minimal effort to acquire (Holec et al., 2014; Walton et al., 

2003); further, in separate case studies involving human subjects with bilateral ACC lesions, 

researchers found that these individuals exhibited motivational and attentional impairments, as 

well as akinetic mutism (Barris & Schuman, 1953; Laplane et al., 1981). Although our task does 

not require physical exertion, it is a cognitively demanding task in that rats must follow basic 

trial structure (i.e., respond when houselights are on, maintain hold, respond to one of the wells) 

and learn, track, and update response-outcome associations—which vary across two reward 

dimensions throughout four sixty-trial blocks—all while following forced-choice rules. Perhaps 

the ACC is particularly important when rats need to sustain attention in a task that requires 

considerable cognitive effort or complexity.  

In summary, we found that ACC inhibition reduced trial initiation and both session and 

trial completion, and deleteriously impacted task performance without impacting reaction or 

movement times. Finally, choice selection during inhibition sessions was biased towards the 

direction associated with the originally learned response-outcome association. Overall, behavior 

on inhibition days was suboptimal, in that fewer trials were completed and better rewards were 

selected less often. While these results may reflect ACC’s role in attention, we speculate that it 

reflects that the ACC is necessary to initiate and stay on task, especially during cognitively 

demanding tasks. Importantly and consistently, one of the hallmarks of ADHD —which has been 

associated with ACC hypofunction (Bush et al., 2005; Ernst et al., 2003; Konrad et al., 2006; 

Pliszka et al., 2006; Rubia et al., 1999; Zilverstand et al., 2017) and structural abnormalities 

(Makris et al., 2008, 2010; Qiu et al., 2011; Seidman et al., 2006; Vogt, 2019; Yu et al., 2023)–is 
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difficulty with task initiation and sustained engagement (Dieckhaus et al., 2021; Lauth et al., 

2006; Mills et al., 2018).  
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Abstract 

Previously, we found that cocaine self-administration attenuates attentional control 

processes and associated ACC firing; similarly, optogenetic inactivation of the ACC disrupts 

task engagement. However, these studies did not address whether these impairments impacted 

downstream action-outcome encoding, which is necessary for goal-directed behavior. Research 

suggests that the DMS is an important locus for the encoding of action-outcome representations 

that are imperatively implicated in goal-directed behavior and decision-making (Walton et al., 

2003; Yin et al., 2005; Burton et al., 2015; Haber, 2016).  

The ACC sends projections to the DMS, constituting part of the corticostriatal circuit—a 

circuit which has been extensively implicated in the development of goal-directed behaviors 

(Walton et al., 2003; Walton et al., 2009; Haber, 2016; Smith et al., 2021). However, there is 

little understanding of how DMS signaling during reward-guided decision-making might be 

impacted by disruptions in ACC function. In this study, we aimed to elucidate the role of the 

ACC in the modulation of downstream response-outcome encoding and action planning in the 

dorsomedial striatum.  

To address this issue, rats were trained on a reward-guided decision-making task as 

described above; reward value was manipulated by independently varying the size of or the delay 

to reward over several trial blocks. Subsequently, we unilaterally injected either ibotenic acid 

(experimental group) or saline (control group) into the rat ACC, and rats performed the 

previously learned reward-guided decision-making task while we recorded from single neurons 

in DMS. We found that ACC lesions impacted several facets of task performance—including 

decreasing the initiation and completion of trials, slowing reaction times, and resulting in 
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suboptimal and inaccurate action selection. Reductions in movement times towards the end of 

behavioral sessions further suggested attenuations in motivation, which paralleled reductions in 

directional action selection signals in the DMS that were observed later in recording sessions. 

Surprisingly, however, beyond altered action signals late in sessions—neural correlates in the 

DMS were largely unaffected, even though behavior was disrupted at multiple levels. We 

conclude that ACC lesions result in overall deficits in task engagement that impact multiple 

facets of task performance during our reward-guided decision-making task, which—beyond 

impacting motivated action signals—arise from dysregulated attentional signals in the ACC and 

are not driven by disruptions to downstream action-outcome encoding.  

Introduction 

Cognitive control is necessary for complex goal-directed thought and adaptive decision-

making, and deficits in cognitive control are hallmarks of neuropsychiatric and substance abuse 

disorders. As described above, the ACC plays an important role across a plethora of cognitive 

functions (Rescorla & Wagner, 1973; D’Esposito et al., 1995; Carter et al., 1998; Botvinick et 

al., 1999; Dayan, Kakade, & Montague, 2000; Paus, 2001; van Veen & Carter, 2002; Botvinick, 

Cohen, & Carter, 2004; Holroyd et al., 2004; Kerns et al., 2004; Weissman et al., 2004; Koob & 

Volkow, 2010; Bryden et al., 2011; Hayden et al., 2011; Narayanan et al., 2013; Laubach et al., 

2015; Bryden et al., 2019; Soltani & Izquierdo, 2019; Stolyrova et al., 2019; Brockett et al., 

2020; Schneider et al., 2020; Vázquez et al., 2020; Brockett & Roesch, 2021; Vázquez, 

Schneider, & Roesch, 2022). Previous research has identified a putative circuit between the ACC 

and DMS, wherein the ACC provides ipsilateral input to the DMS (Hunnicutt et al., 2016; Choi 

et al., 2019). However, in spite of the extensive literature implicating the DMS in action planning 
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and action-outcome encoding—characterizing this striatal subregion as primordially important 

for goal-directed decision-making—there is currently limited understanding of how the ACC 

impacts downstream DMS signaling during reward-guided decision-making. 

In order to address whether more biologically relevant disruptions to ACC firing would 

replicate our optogenetic inactivation findings—as well as assess how these disruptions might 

impact downstream action-outcome encoding—we performed chemical lesions of the ACC, and 

recorded neural activity from the dorsomedial striatum DMS. Optogenetic inhibition might have 

resulted in incomplete network perturbation—allowing for a fraction of unaffected ACC neurons 

to sustain certain functions, but not others. Further, task-related neural correlates in the ACC 

have been observed in trial epochs outside of the window during which we inactivated the ACC. 

Specifically, it is known that the ACC also fires in response to rewards, and during errors of 

commission and omission (Totah et al., 2009; Bryden et al., 2011; Shen et al., 2015); thus, more 

complete lesions might uncover other functions that the ACC is critical for. With that said, it has 

also been argued that chronic perturbation induced by lesions, unlike optogenetic inhibition, 

might allow for compensatory mechanisms that mask the effects of inactivation (Lee et al., 2020; 

Murphy & Corbett, 2009; Whishaw, 2000).     

Here, we address these issues by chemically lesioning the ACC and subsequently 

recording neural firing in the dorsomedial striatum (DMS) as rats perform the same task we used 

in our aforementioned studies (for a more comprehensive breakdown of the behavioral paradigm, 

see Figure 2)—a task consisting of four sixty-trial blocks, during which rats choose between 

differently delayed or sized rewards. It is known that firing in the DMS encodes predicted 

outcomes and action selection (Walton et al., 2003; Yin et al., 2005; Burton et al., 2015; Haber, 
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2016)—thus, in addition to obtaining behavioral readouts related to these functions, recording 

from the DMS provides an additional measure that allows us to assess the downstream impact of 

ACC signaling disruptions. Further, we can determine whether observed changes in behavior 

following ACC damage are mediated through the DMS.  

We found that—much like we previously observed during optogenetic inhibition 

(Chapter III)—ACC lesions impaired task engagement (i.e., rats were slower to initiate trials and 

completed fewer trials overall) and choice selection on free-choice trials. However, rats were 

also impaired across other facets of the task—including reaction times, reversal learning, and 

accuracy on forced-choice trials. Further, rats with lesions appeared less motivated towards the 

end of recording sessions, as evidenced by slower movement speeds. Consistent with this 

behavior, we observed reduced directional encoding in the DMS at the end of recording sessions 

during manipulations of reward size. Surprisingly, we did not find widespread effects of ACC 

lesions on DMS firing, suggesting that the robust behavioral impairments we observed were not 

mediated through disruptions in DMS action-outcome encoding, but rather driven by the 

reductions in task engagement. We conclude that ACC lesions impact multiple facets of task 

performance that are only partially mediated through the DMS; these results support our 

previous findings that ACC signaling disruptions result in task engagement reductions that are 

necessary for optimal decision-making to occur. 

Methods 

Subjects 

Male and female Long–Evans rats (control: n = 6; 5M males, 1F; lesion: n = 6; 5M, 1F) 

were obtained at ~2–3 months of age from Charles River Laboratories, weighing in the range of 
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150–200 g. Rats were tested at the University of Maryland (UMD), College Park in accordance 

with UMD and NIH guidelines. During behavioral testing, food was available ad libitum; water 

intake was restricted to ensure motivation for task performance. 

Surgery 

We unilaterally injected ibotenic acid—an excitotoxic, non-selective glutamate receptor 

agonist commonly used in inactivation studies (Winn, Tarbuck, & Dunnett, 1984; Jarrard, 1989; 

Morris et al., 1990; Newman & McGaughy, 2011; Newman, Creer, & McGaughy, 2014; 

Martínez-Torres, 2021)—into the ACC of the experimental group (n = 6); control rats (n = 6) 

received saline injections. Rats received two unilateral stereotactic injections spaced 1mm a part 

targeting the ACC (Injection 1: AP: +0.2 mm; ML: ±0.5 mm; DV: -2.2 mm; Injection 2: AP: 

+1.2 mm; ML: ±0.5 mm; DV: -2.2 mm). Coordinates were chosen based on previous optogenetic 

and recording studies targeting the same area (Bryden et al., 2011; Chapters II-III). For each 

injection site, a beveled 33 gage 5 µl Neuros Syringe (Hamilton) was lowered slowly over the 

course of five minutes to its final depth, with the bevel of the needle positioned away from the 

midline of the brain (Brockett et al., 2020). Rats received unilateral infusions of either 0.2 µl of 

0.6M ibotenic acid in saline (experimental group), or 0.2 µl of 0.9% saline (controls) per site 

over the course of 3 minutes (approximately 125 nl/ minute). Needles were left in place for 5 

minutes before being slowly withdrawn—over the course of an additional 5 minutes—in order to 

minimize the risk of tissue damage and backflow. Holes were loosely filled with sterile bonewax 

prior to beginning electrode implantation. 

Unilateral electrode implantation procedures were carried out after stereotaxic injection, 

and electrodes were implanted ipsilaterally to the hemisphere that was targeted by injection. 
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Hemispheres were counterbalanced across groups, and the methods for implantation have been 

previously described in detail (Bryden et al., 2012; Brockett et al., 2022). Rats were chronically 

implanted with a drivable bundle of ten 25 µm diameter FeNiCr wires (Stablohm 675, California 

Fine Wire, Grover Beach, CA) into either the left or right hemisphere of the dorsal medial 

striatum (DMS) using the following coordinates relative to bregma (AP: -0.4 mm; ML: ±2.4 mm; 

DV: -3.5 mm). Coordinates were chosen based on our previous results investigating the role of 

DMS in rats performing the aforementioned reward-guided decision-making task (Burton et al., 

2017; Burton et al., 2018). Immediately prior to implantation, wires were freshly cut with 

surgical scissors to extend ~1 mm beyond the cannula, and were electroplated with platinum 

(H2Cl6Pt) to an impedance of ~300kOhms. Cephalexin (15 mg/kg p.o.) was administered twice 

daily for seven days following surgery in order to prevent infection. 

Histology 

Following the completion of testing, rats were overdosed on isoflurane and transcardially 

perfused with 4% paraformaldehyde (PFA). Following perfusion, the electrode assembly was 

removed from the skull, and the brain was extracted. Brains were post-fixed for 48 hours in 4% 

PFA, before being moved to a 30% sucrose solution for cryoprotection. Following 

cryoprotection brains were blocked, flash frozen in alcohol, and sectioned on a freezing 

microtome. 40 µm coronal sections were cut throughout the extent of ACC and DMS. Sections 

were collected, mounted to positively charged Superfrost slides, and underwent Nissl staining. 

Slides were viewed under a light microscope, and the extent of the lesion and presence or 

absence of electrode tracks were verified and cross-referenced with score sheets demarcating 
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electrode assembly advancement. Lesion and electrode tracks were traced onto coordinate 

matched printouts of stereotaxic space. 

Behavioral Analysis 

Behavior was analyzed by calculating the percent of correct responses on forced-choice 

trials (when the animal responded to the well signaled by the directional odor cue), the 

percentage of times rats chose a particular valued (short, long, big, small) condition during free-

choice trials, reaction times for both free- and forced-choice trials (time from odor offset to odor 

port exit), movement times for both free- and forced-choice trials (odor port exit to fluid well 

entry), and light-on latency times collapsed across size and delay blocks (from houselight 

illumination—indicating start of trial—to odor port nose-poke). Light-on latency was calculated 

this way because it occurs during an epoch which precedes odor presentation, so it cannot be 

split by reward value. Calculations on forced-choice trials were split into the first and last ten 

trials of each trial type within each block. Our previous work has demonstrated that this analysis 

allows us to capture learning as it occurs at the beginning of trial blocks, and provides a large 

sample to conduct neural and behavioral statistics. Free-choice movement and reaction times 

were not split into early and late trials due to a lower amount of trials that could be analyzed (e.g. 

a fewer amount of low-value choices made later in trial blocks). Behavioral analyses were 

conducted for individual sessions (split by control and lesion groups), and then averaged across 

sessions within each group. Multifactor analysis of variance (ANOVA) factors included 

treatment group (control vs. lesion), reward value (high vs. low), value manipulation (size vs. 

delay), and block phase (first vs. last ten trials per trial type within a block). We used t-tests (p < 

0.05) to determine differences between the control and lesion group sessions. 
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Neural Analysis 

The procedures for conducting single-unit recordings have been described previously 

(Bryden et al., 2011; Burton et al., 2018; Vázquez et al., 2020). Wires were screened daily for 

activity; if no activity was detected, rats were removed from the testing box, and the electrode 

assembly was advanced 40-80 µm. If activity was detected, the session occurred and the 

electrode assembly was advanced 40-80 µm at the end of testing. Neural activity was recorded 

using four identical Plexon Multichannel Acquisition Processor systems (Plexon Inc). Signals 

from electrode wires were amplified 20x by an op-amp headstage located on the electrode array. 

Immediately outside the testing chamber, signals were passed through a differential pre-amplifier 

(Plexon Inc) where single units were amplified 50x and filtered at 150-9000 Hz. Single unit 

signals were then sent to the Multichannel Acquisition Processor box, where they were further 

filtered at 250-8000 Hz, digitized at 40 kHz and amplified at 1-32x. For neural analyses, single 

units were sorted using template matching (Plexon, Offline Sorter), and exported to 

NeuroExplorer and Matlab. Increasing and decreasing cells were identified as cells whose 

activity significantly increased or decreased, respectively, during the epoch from odor cue onset 

to well entry (trial epoch) relative to their baseline firing rate (1s preceding odor onset, 

Wilcoxon; p < 0.05). Wilcoxons (rank-sum; p < 0.05) were used to measure significant shifts in 

the distribution of indices from zero, and to determine differences between control and lesion 

groups. Chi-squares (p < 0.05) were performed on counts of neurons in each group to determine 

whether there were any significant differences between groups.  

Results 
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ACC lesions impaired multiple facets of task performance 

Overall, lesioned rats took significantly longer to complete sessions 

(t(372) = 5.64, p < 0.00001; control average time per session: 1.80 hours, lesioned: 2.08 hours), 

and were significantly less engaged in the task—initiating trials with less frequency than controls 

(Figure 5.1A; t(372) = 4.94, p < 0.00001) and with slower latencies (Figure 5.1B; 

t(372) = 3.22, p < 0.001).  Further, across all trial-types, lesioned rats performed significantly 

worse on forced-choice trials compared to controls (t(372) = 4.02, p < 0.0001). Due to these 

factors, lesioned rats had to carry out significantly more trials than control rats on average 

(controls: μ = 275.7 trials, lesion: μ = 284.8 trials) in order to complete a session 

(t(370) = 1.97, p < 0.01).  

As previously reported (Roesch, Taylor, & Schoenbaum, 2006; Roesch et al., 2009; 

Roesch & Bryden, 2011; Bryden et al., 2011; Vázquez et al., 2020), both groups chose short-

delay over long-delay, and large-reward over small reward on free choice trials; however, rats 

with ACC lesions selected high-value rewards less often than controls. Difference scores 

calculating the percentage of free-choice trials where rats chose high-valued vs low-valued 

rewards showed that control rats chose high-valued rewards more often than lesion rats across 
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both block types (Figure 5.1C; short delays: t(372) = 2.28, p < 0.05; big rewards: t(372) = 2.00, p < 

0.05). On average, control rats chose the high-value reward 6.39% more often than lesion rats. 

During forced-choice trials, rats had to respond in the cued direction in order to receive 

reward (i.e. correct trial); if the rats responded in the opposite direction, no reward was delivered 

(i.e., error trial). Although rats performed well on forced-choice trials, their performance and 

reaction times (RT; odor offset to odor port exit) were swayed by the location of the more 

favorable reward (i.e. short or large). That is, rats tended to perform better and worse on high- 

and low-value forced choice trials, respectively. Consistent with previous reports, we found that 

both groups performed better and were faster on high- compared to low-value forced-choice 

trials (Figure 5.2A and C; Main effect of value for percent correct: F(1,5968) = 284.23, p < 

0.0001; interaction between reward value and phase for percent correct: F(1,5968) = 153.25, p < 

0.0001; interaction between group and block for percent correct: F(1,5968) = 4.97, p < 0.05; 

Figure 5.1: Behavioral analyses across sessions. Lesioned rats were slow to initiate trials, initiated fewer 

trials and chose high value reward less often. a) Percentage of trials initiated by lesion and control rats. 

In order to initiate a trial, rats had to nose poke into the odor port for approximately 500 ms once the 

house lights came on. If rats did not nose poke, the trial would time out. b) Average light-on latency 

denotes the latency to enter odor port upon house-light illumination (which indicates the beginning of a 

new trial). c) Percentage of times rats chose high-value reward on free-choice trials, split by block types. 
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main effect of value for reaction time: F(1,5968) = 49.2, p < 0.0001; interaction between reward 

value and phase for RT: F(1,5968) = 11.21, p < 0.001).  However, we also found main effects of 

group for both accuracy and reaction time, indicating that lesion rats performed significantly 

worse and were slower over all trial-types (Main effect of group for percent correct: F(1,5968) = 

67.68, p < 0.0001; main effect of group for RT: F(1,5968) = 86.56, p < 0.0001). 

Our previous research has revealed consistent correlations between behavioral measures 

of attention—specifically the aforementioned "light-on latencies"—and enhanced forced-choice 

performance across rats (Vázquez et al., 2020; Vázquez et al., in press). Here, we replicated that 

effect–finding that faster latencies were correlated to higher forced-choice trial accuracy, with no 

Figure 5.2: Forced-choice trials analyses by trial type across sessions. Lesion rats were slower and 

less accurate. a) Percentage of times rats accurately responded during different trial types. b) 

Correlation between light-on latencies and percent correct. c) Reaction time (odor port exit – odor 

offset) on forced-choice trials for each value manipulation. d) Movement times (time from odor port 

exit to fluid well entry) on forced-choice trials for each value manipulation. 
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significant differences between groups (Figure 5.2B; control: r2 = 0.13, p < 0.0001; lesion: 

r2 = 0.03, p < 0.01; Fisher r-to-z transformation: z = 1.90; p = 0.06). Overall, this suggests that 

decreases in attention might contribute to worse performance. 

Lastly, we found that lesions made rats slower to move from the odor port to the fluid 

well (MT = movement time). Notably, both groups were slower during size-blocks compared to 

delay-blocks, however rats with ACC lesions were significantly slower than controls in size 

blocks (Figure 5.2C). Consistent with this observation, we found a significant main effect of 

group (F(1,5968) = 22.5, p < 0.0001; main effect of block: F(1,5968) = 56.57, p < 0.0001; and 

interaction effects of group and block: F(1,5968) = 9.02, p < 0.005), suggesting that rats with 

ACC lesions were less motivated to perform the task later in sessions.  

Overall, ACC lesions had a deleterious impact on behavior. General measures of 

attention and task engagement were diminished, as well as the ability to select the better reward 

on free-choice trials in delay and size trial blocks. Lesioned rats also displayed significant 

deficits in task performance on force-choice trials (i.e., worse and slower), and decreases in 

motivation toward the end of trial blocks, consistent with longer session times and fewer trials 

initiated.  

ACC lesions attenuated directional tuning in the DMS during large reward trials 

Single neurons in the DMS have been shown to increase or decrease firing during task 

performance (Burton et al., 2014, 2015; Stalnaker, 2010). Consistent with these reports, we 

found that 15.7% (n=235) and 16.9% (n=208) of neurons in control and lesion groups increased 

firing, and that 44.8% (n=669) and 42.6% (n=527) decreased firing, respectively (Wilcoxon’s; p 
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< 0.05). ACC lesions did not impact the frequency of increasing and decreasing cells (Increasing: 

χ2 = 0.35, p = 0.55; Decreasing: χ2 = 0.47, p = 0.49).  

Figure 5.3 illustrates average firing over all increasing (Figure 5.3A-D) and decreasing 

(Figure 5.3E-H) cells. Previous reports have shown that neurons in the DMS tend to fire 

selectively for specific outcomes and response directions; thus, to make this plot we sorted trials 

based on preferred trial-type according to which condition produced the maximal firing response 

(Burton et al., 2014, 2015; Stalnaker, 2010). The remaining trials were categorized relative to the 

preferred trial type—depending on whether the response and outcome occurred in the same or 

opposite directions, and whether the outcome was the same or opposite value for both 

manipulations (delay and size).  For example, if a neuron fired maximally for large-reward trials 

to the right, then large reward and right became the preferred outcome and direction, small and 

left became the non-preferred outcome and direction, and short and long became outcomes of the 

same and opposite value (e.g. high and low value), respectively. Thus, in Figure 5.3, trials are 

sorted based on which reward outcome produced maximal firing (blue lines: “preferred”) and its 

counterpart in the same value manipulation (red: “nonpreferred”), as well as firing to rewards of 

the same (green) or opposite (yellow) value, for both preferred and nonpreferred response 

directions. The purpose of presenting average population firing in this way is twofold. First, we 

can appreciate that the overall pattern of firing is similar between controls and lesions—and that 

firing is selective, firing more strongly for one trial-type and response direction. Secondly, these 

qualitative plots with error bars can give us a feel for the strength and timing of firing selectivity 

across both populations. Overall, it appeared that the temporal pattern was similar across groups, 

but selectivity appeared attenuated after lesions for increasing cells.  
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To explore this difference, we quantified directional selectivity for each trial type (short, 

long, big and small), by computing the differences in firing rates for responses made into and 

away from the response field (i.e., directional index = (preferred – nonpreferred)/ (preferred + 

nonpreferred)) during the trial epoch (odor onset to fluid well entry). Here, we defined a 

neuron’s preferred direction as the direction that elicited the strongest firing collapsed across all 

trial-types, as a non-biased estimate of preferred direction. We then examined response direction 

separately for each reward type to determine whether the directional signal is stronger for trials 

where rats exerted more effort (i.e., high valued rewards), and if encoding differed between 

groups for each trial-type (i.e., short, long, big and small). In addition, at the single neuron level, 

we performed within-session comparisons to determine whether activity differed significantly 

Figure 5.3: Population histograms. Activity of DMS neurons that increased (a-b) control: n = 

235; c-d) lesion: n = 208) and decreased (e-f) control: n = 669; g-h) lesion: n = 527) firing in 

their preferred (left column) and non-preferred (right column) directions. Trials were sorted 

based on which reward outcome and response direction produced maximal firing (blue lines: 

“preferred”), firing to non-preferred reward (red), firing to rewards of the same value (yellow; 

e.g. in the case of preferential firing to short delay rewards, subsequent firing to large reward), 

and firing to rewards of the opposite value (green; e.g. in the case of preferential firing to 

short delay rewards, subsequent firing to small reward). Ribbons = SEM. 
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between directions (Wilcoxon; p < 0.05; black bars in distributions). Note, all analyses were 

performed at the end of trial blocks (last 10 trials for each trial-type) after learning had occurred 

(Figure 5.6). By assigning direction in this way, all distributions are shifted in the preferred 

direction—the critical question is whether or not directional index distributions are different 

between groups. 

Significant differences were only observed on large-reward trials for the population of 

increasing cells. The distributions of directional indices computed on large-reward trials was 

significantly different between controls and lesions (Figure 5.4; z = 2.01; p < 0.05). Though this 

difference was present at the population level, the frequency of significant neurons only trended 

in that direction (control: 113 (48%)—black bars to the left of the distribution vs 2 (1%) cells to 

the right of the distribution; lesion: 90 (43%) vs 7 (3%); χ2 = 2.65; p = 0.10)—in other words, 

the overall attenuation in firing resulted from a shift in population-level firing, and was not 

driven by counts of significant single units.   

Although the strength of the population directional signal was attenuated in rats with 

ACC lesions during performance of large-reward trials, the strength of the directional signal was 

unaffected for the other three trial-types: for short-delay trials, the distribution of directional 

indices was not significantly different between controls and lesions (Figure 5.4; z = -1.34; p = 

0.18), and the frequency of significant neurons did not differ between groups (control: 102 

cells—black bars to the left of the distribution vs. 10 cells to the right of the distribution; lesion: 
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106 vs 5; χ2 = 1.11; p = 0.29). For long-delay trials, the distribution of directional indices was not 

Figure 5.4: Lesions weakened directional signals during big reward trials as evidence by examining 

differences in firing for responses made into and away from the response field (preferred – 

nonpreferred)/(preferred + nonpreferred) for each trial type (short, long, large and small) for control 

(increasing cells: a-d; decreasing cells: i-l) and lesion (increasing cells: e-h; decreasing cells: m-q) 

rats. Black bars indicate individual neurons whose activity was significantly modulated by direction 

during the response epoch (Wilcoxon, p < 0.05). r) Correlation between firing rate and average 

movement times across sessions.  
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significantly different between controls and lesions (Figure 5.4; z = 1.10; p = 0.27), and the 

frequency of significant neurons did not differ between groups (control: 103--black bars to the 

left of the distribution vs 8; lesion: 90 vs 12; χ2 = 0.82; p = 0.37). For small-reward trials, the 

distribution of directional indices was not significantly different between controls and lesions 

(Figure 5.4; z = 0.42; p = 0.68), and the frequency of significant neurons did not differ between 

groups (control: 106—black bars to the left of the distribution vs 7 cells to the right of the 

distribution; lesion: 88 vs 1; χ2 = 2.16; p = 0.14).  

As we did for increasing-type cells, we next quantified the strength of the directional 

signal for responses made into and away from the response field for each trial-type (short, long, 

large and small) for decreasing-type cells. We found no significant differences between groups 

for any trial-type. For short-delay trials, the distribution of directional indices was not 

significantly different between controls and lesions (Figure 5.4; z = -0.73; p = 0.47), and the 

frequency of significant neurons did not differ between groups (control: 269 cells—black bars to 

the left of the distribution vs. 25 cells to the right of the distribution; lesion: 217 vs 12; χ2 = 1.62; 

p = 0.20). For long-delay trials, the distribution of directional indices was not significantly 

different between controls and lesions (Figure 5.4; z = 1.53; p = 0.13), and the frequency of 

significant neurons did not differ between groups (control: 245 vs 28; lesion: 170 vs 33; χ2 = 

3.23; p = 0.07). For large-reward trials, the distribution of directional indices was not 

significantly different between controls and lesions (Figure 5.4; z = 1.52; p = 0.13), and the 

frequency of significant neurons did not differ between groups (control: 263 vs. 11; lesion: 184 

vs 13; χ2 = 1.09; p = 0.30). For small-reward trials, the distribution of directional indices was not 

significantly different between controls and lesions (Figure 5.4; z = 0.17; p = 0.86), and the 
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frequency of significant neurons did not differ between groups (control: 235 vs. 15; lesion: 179 

vs 15; χ2 = 0.28; p = 0.60).  

Combined, these results suggest that firing decreases late in recording sessions might be 

related to the decreases in motivation evidenced by the slower movement times. To confirm this 

relationship, we plotted movement time against firing rate changes in increasing cells during the 

response epoch (Figure 5.4R). We found a significant negative correlation for both groups, and 

the correlations were significantly different from each other (Figure 5.4R; control: p < 0.0001; r2 

= 0.10; lesion: p < 0.05; r2 = 0.02; Fisher r-to-z transformation: z = 2.00; p < 0.05). In decreasing-

type cells, there was a significant correlation in control—but not lesion rats—(Figure 5.4R; 

control: p < 0.05; r2 = 0.04; lesion: p = 0.19; r2 = 0.003; Fisher r-to-z transformation: z = 2.66; 

p < 0.01). These findings indicate that slower movement times were indeed correlated with lower 

firing rates in increasing-type cells, suggesting that reduced signaling during size blocks is 

related to decreases in motivation.  

Autoshaping—Behavioral deficits do not reflect disruptions to motivation or motor control 

After our initial experiment was conducted, we trained (one day of magazine training) the 

remaining rats (controls: n = 3; lesions: n = 4) to perform a classic autoshaping task for a week 

(30 trials per session). During each trial of this task, a retractable lever was presented 

(conditioned stimulus) for a duration of 8 seconds, after which a sucrose pellet (unconditioned 

stimulus) was immediately delivered into an adjacent food cup. We analyzed average response 

bias, calculated as (Food Cup Entries − Lever Presses) / (Food Cup Entries + Lever Presses)—

where a higher number reflects increased goal-tracking, whereby behavior is directed towards 

the reward, as opposed to towards the stimulus associated with reward. We found that control 



 

78 

 

 

rats exhibited higher goal-tracking (independent samples t-test; t(55) = 2.25, p < 0.05). Control 

rats entered the food cup during the conditioned stimulus significantly more times than lesions 

(t(55) = 2.83, p < 0.05), but there was no significant difference between how many lever presses 

were made (t(55) = -0.72, p = 0.48), suggesting that the differences in goal-tracking were driven 

by food cup entries. This emphasizes that there were no differences in either group’s interaction 

with the conditioned stimulus. Further, lesioned rats exhibited higher locomotion compared to 

controls (t(55) = -2.15, p < 0.05), and they did not attribute high incentive salience towards the 

US; control rats were better goal-trackers. Lesioned rats engaged the CS lever about as 

frequently as control rats, in spite of the fact that the sucrose pellet would appear independently 

of their engagement with the lever. This also suggests that ACC lesions did not impact how 

much effort rats were willing to expend—in a simple task where they received reward 

independently of performing an action, they still engaged the CS. Consequently, we can 

conclude that the vigorous behavioral deficits observed in the decision-making task were not a 

reflection of rats experiencing motor or motivational deficits following lesions. Rather, these 

findings seem to suggest that the behavioral deficits we saw on the decision-making task—a task 

much more involved, requiring frequent updating of reward-outcome contingencies—are tied to 

the complexity of the decision-making. 

Discussion 

We have previously published two studies highlighting the role of the anterior cingulate 

cortex in shifting the allocation of attentional resources towards behaviorally relevant stimuli 

following outcome expectancy violations, and how disruption of these attentional signals leads to 

impairments in decision-making and cognitive flexibility (Bryden et al., 2011; Vázquez et al., 

2020). We found increases in ACC firing that were correlated with behavioral shifts in attention 
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following unsigned prediction errors (i.e. unexpected trial outcomes)—as rats had to update 

previously learned behavior-outcome contingencies. These findings uncovering attention for 

learning signals in the ACC were replicated in our paper examining the effects of cocaine 

exposure on ACC signaling (Vázquez et al., 2020). Additionally, we found that cocaine intake 

induced graded modulatory effects in ACC signaling, resulting in maladaptive cognitive 

flexibility disruptions and decision-making impairments (Vázquez et al., 2020). From these 

results we had hypothesized that normal ACC signaling gives rise to increases in attention and 

cognitive control that promote flexible reward-guided decision-making by informing 

downstream neural signals in regions such as the DMS. We observed global changes in behavior 

that likely reflect gross changes in task engagement—possibly encompassing functions related to 

cognitive effort, motivation, or attention. These results suggest that the significant behavioral 

impairments observed following ACC dysfunction do not arise as a result of simple disruptions 

of downstream action-outcome encoding when attention is necessary for learning (i.e., during 

block transitions), but rather are related to a breakdown in functions necessary to engage in a 

complex reward-guided decision-making task.  

One possibility is that ACC lesions bias behavior in a way that minimizes the effort an 

organism is willing to exert to obtain reward. Consistent with this notion, rats also exhibited less 

frequent food cup entries during autoshaping; however, rats engaged with the lever at the same 

rate as control rats—making this explanation unlikely.  

It might also be argued that lesioned rats exhibited some sort of gross motor deficit; 

however, during delay blocks—which always occurred first during recording sessions—there 

were no significant differences in movement times between control and lesioned rats.  
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Another possibility is that ACC lesions affected attentional processes. Attentional 

allocation is used to select, maintain, and update the relevant representations and contexts 

necessary for successful task completion; consequently, disruptions to attention have direct 

repercussions on goal-directed behaviors and flexible learning. Supporting this hypothesis, light-

on latencies (F(1,5968) = 113.91, p < 0.0001)—operationalizing attention to the task—and 

reaction times were significantly slower across all trial types in lesioned rats (forced-choice: 

F(1,5968) = 86.56, p < 0.0001; free-choice: F(1,2786) = 10.36, p < 0.001), and movement times 

were significantly slowed towards the end of the task (F(1,2786) = 6.93, p < 0.01). Importantly, 

there were block effects—so that lesioned rats were significantly slower towards the end of 

sessions, after having performed many trials—again seeming to suggest that ACC impairment 

impacts the ability to continuously attend to task demands. These changes further suggest general 

decreases in task engagement that may include reduced motivation, attention or willingness to 

exert cognitive effort late in sessions.  

Overall, these findings are also consistent with the notion that the ACC is necessary to 

engage model-based strategies and exhibit cognitive control (Akam et al., 2021). Model-based 

strategies implicate using learned environmental models to inform subsequent predictions 

(Doody, Van Swieten, & Manohar, 2022). One study found that the ACC plays an important role 

in model-based action selection by representing task space information, as well as whether 

changes in task space components match predictions made (Akam et al., 2021). The complicated 

task used in our experiment requires rats to regularly update multiple changing action-outcome 

representations; thus, the inability of lesioned rats to exhibit flexible decision-making might be a 

consequence of disruptions to model-based learning.  
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The reduction in directional signals observed here are also consist with our previous work 

examining DMS activity after ACC lesions in rats performing a stop-change task—a paradigm 

which asseses cognitive control processes, as it requires the abrupt repression of learned 

automatic responses. In this task, rats must respond to a directional cue light that directs them to 

a fluid well in order to receive reward (GO trials). On a different kind of trial (STOP-change 

trials; 20% of trials), the GO cue is again presented, but is subsequently followed (0-100 ms after 

first cue light) by a cue light on the opposite direction of the initial cue signal. A correct response 

on a STOP-change trial would require the rat to redirect its movement towards the side indicated 

by the second cue light, thus requiring a suppression of their established automatic response to 

the first cue. It is important to note that in this stop-change task, GO trials are significantly easier 

than STOP-change trials. In this study, we found that lesioned rats exhibited reduced accuracy 

and were slower to shift responses on trials that required the suppression of a prepotent response 

in lesioned rats (STOP-change trials)—but that ACC lesions did not impact performance on GO 

trials (Brockett et al., 2020). Additionally, DMS firing in lesioned rats did not reflect response 

direction on STOP-change trials (Brockett et al., 2020). When rats made errors, DMS firing 

represented incorrect, unresolved responses (Brockett et al., 2020). On STOP-change trials, the 

DMS of lesioned rats fired significantly more strongly for incorrect responses that were made in 

the direction signaled by the initial cue light (Brockett et al., 2020). In the stop-change task there 

were no group differences between the number of total trials performed or the latency to initiate 

trials (Brockett et al., 2020). This suggests that rats in both groups exhibited similar levels of 

motivation and effort, and that ACC is most important for sustaining engagement during 

complex tasks that implicate higher cognitive demands—such as the one discussed in this paper. 
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Previous research has identified a putative circuit between the anterior cingulate cortex and the 

DMS, and extensive studies have shown that goal-directed decision-making is driven by DMS 

encoding (Yin et al., 2005; Stalnaker et al., 2010; Thorn et al., 2010; Stalnaker et al., 2012). In 

this study, we sought to examine how ACC lesions impacted behavior and DMS encoding of 

response-outcome associations and directional encoding. The robust impact of ACC lesions 

highlights an important relationship between ACC activity, attentional modulation, and task 

performance—findings that are replicated here and exemplified by worse performance across all 

trial types and significantly slowed light-on latencies, reaction, and movement times of lesioned 

rats. 

Here, we show that ACC lesions had deleterious effects across all behavioral measures. 

Specifically, rats with ACC lesions performed significantly worse across all trial-types, chose 

high-valued rewards less often, and exhibited slower light-on latencies, reaction times and 

movement times. Notably, these overarching deficits in task performance are unique to ACC 

lesions, as they have not been observed after perturbations of orbitofrontal cortex, nucleus 

accumbens core, dorsolateral striatum, or basolateral amygdala in rats performing the same task 

(Burton et al., 2014, 2015, 2018; Roesch et al., 2006; Roesch & Bryden, 2011). Further, the 

effects we see here are more profound than those observed with optogenetic inactivation of the 

ACC during performance of the task. As with lesions, transient ACC inactivation from 

houselights on until termination of the response on 50% of trials impaired latencies to initiate 

trials, frequency of trial initiation and completion, accuracy, and choice performance (Chapter 

III). Unlike optogenetic inhibition, ACC lesions also impaired reaction and movement times.  
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Further, as evinced by the results of our autoshaping experiment immediately following 

the reward-based decision-making task, these behavioral deficits were not due to aberrant 

deficits in lever pressing or locomotion. Notably, lesioned rats locomoted more, which might 

reflect their reduced engagement with the task (i.e. they were roaming around the chamber 

instead of interacting with the food cup and lever). Indeed reflective of this, and consistent with 

findings in our optogenetic inactivation study, lesioned rats took significantly longer to complete 

recording sessions (t(372) = -5.64, p < 0.00001), and were significantly less engaged in the task—

initiating trials with less frequency than controls (t(372) = -4.94, p < 0.00001).  

In our opinion, the simplest explanation is that—much as we observed during optogenetic 

inhibition of the ACC (Vázquez et al., in press)—rats are less engaged after ACC lesions and as 

a result, performed poorly on all other facets of task performance. In our previous research, we 

have repeatedly discovered a negative correlation between a measurable proxy of attention–

specifically, the aforementioned "light-on latencies"—and improved performance on forced-

choice trials (Chapters II-III). Our findings have consistently revealed that faster latencies are 

linked to enhanced forced-choice performance, irrespective of the experimental manipulation. 

Our current finding replicates our earlier results, underscoring that heightened attention 

correlates with enhanced task performance (Vazquez et al., 2020; Vazquez et al., in press). 

Importantly, these deficits did not reflect any sort of gross motor abnormalities as none were 

observed, and movement times were unaffected during delay blocks. Differences in movement 

times were only observed during size blocks—which always occurred towards the end of 

sessions—reflecting the rats’ level of satiation/motivation rather than their ability to move.  
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Paralleling these changes in behavior, it was only during size blocks where we observed 

deficits in DMS encoding, in that directional tuning was attenuated relative to controls on large 

reward trials. Note that the task is designed so that size blocks always occur at the end of 

recording sessions in order to promote session completion (Bryden et al., 2011; Roesch et al., 

2012; Vázquez et al., 2020; Vázquez et al., in press). This task design was successful in that rats 

in both groups exhibited faster reaction times and better performance in size blocks compared to 

delay blocks; however, lesion rats did complete fewer trials, and exhibited significantly slower 

movement speeds during size blocks. Combined, these results suggest that the ACC might be 

critical for maintaining task engagement or sustaining motivation later during sessions.  

Consistent with this interpretation, inactivation of the ACC impairs the ability of rats to 

exert effort to obtain more valued reward. For example, studies have shown that ACC 

disruptions reduce the amount of physical effort a rat is willing to exert in order to obtain reward 

(Hart et al., 2020; Holec et al., 2014; Porter et al., 2019). Although our task does not require 

physical effort, it is cognitively demanding in that rats must follow basic trial structure (i.e., 

respond when houselights are on, maintain hold, respond to one of the wells), learn and update 

response-outcome associations across multiple dimensions, and follow forced-choice rules. 

Perhaps the ACC is most necessary when rats need to engage in a task that requires considerable 

cognitive or physical effort (Barris & Schuman, 1953; Holec et al., 2014; Walton et al., 2003; 

Laplane et al., 1981). 

 Another interpretation of the neural effects of ACC lesions being isolated to size blocks 

is that the ACC does not encode information pertaining to delay to reward. Previous work using 

this same task has shown that activity in the ACC reflects expectations in reward size, but there 
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was no preferential tuning for shorter delays to reward (Bryden et al., 2011). Further, the 

previously mentioned study that demonstrated the ACC’s involvement in effort also showed that 

the ACC was not critically involved in overcoming delays to large rewards (Holec et al., 2014). 

Thus, the ACC might not be as critical for delay processing. However, we did observe clear 

behavioral deficits during delay blocks, suggesting that the ACC is involved to some degree. We 

speculate that the ACC does contribute to delay valuation, but modulates behavior through other 

downstream brain regions such as the nucleus accumbens core (NAc). The NAc is strongly 

associated with reward expectation, and is implicated in delay discounting and intertemporal 

choice (Cardinal & Cheung, 2005; Acheson et al., 2006; Galtress & Kirkpatrick, 2010; Joutsa et 

al., 2015; Wu et al., 2018). Future work should record from the NAc following ACC 

perturbations to determine whether reward expectancy and prediction signals are disrupted. It is 

also possible that behavioral changes in value encoding might stem from disruption of the ACC’s 

contribution to attention-related functions (Bryden et al., 2011; Vázquez et al., 2020). Further, 

it’s important to note that many other cortical and thalamic afferents innervate the striatum; 

studies mapping striatal inputs have found that throughout the striatum, the dorsomedial 

subdivision receives heterogeneous and multimodal cortical inputs (Collins & Saunders, 2020). 

Thus, modulation of directional signals during delay blocks are likely informed by inputs other 

than the ACC. Indeed, recent work has shown that prefrontal and thalamic populations of 

neurons can be differentiated by their projection targets to downstream regions, and that these 

populations play distinctive roles in cognitive control (de Kloet et al., 2021; Brockett et al., 2020, 

2022). Consequently, the unilateral nature of the lesions in our study—compounded by the 
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heterogeneity of DMS inputs—may also contribute to why the impact of ACC lesions on DMS 

encoding was not robust. 

One study found long-term synaptic potentiation in the DMS early in training, so that 

DMS lesions only have a deleterious impact during the initial acquisition of goal-directed 

behavior (Yin et al., 2009). Because our training sessions occur prior to recording sessions, we 

are unable to explore this finding. 

Additionally, a recent study has found that neuronal populations in prefrontal regions can 

be disambiguated by their projection targets to downstream regions, and that these populations 

play distinctive roles in cognitive control (de Kloet et al., 2021). Of note, targeted thalamic 

subdomains are important for guiding goal-directed behavior through the maintenance of task 

representations, making this a region of interest for future studies (de Kloet et al., 2021). Other 

research has found that cortical motivational signal inputs to the striatum are sparse (Balleine, 

Delgado, & Hikosaka, 2007), reaffirming that we should look towards other downstream regions 

important for task performance—such as the thalamus, basolateral amygdala, ventral striatum, 

ventral tegmental area, orbitofrontal cortex, and insula.  

Finally, a plethora of studies suggest that the DMS is an important locus for the encoding 

of action-outcome representations that are imperatively implicated in goal-directed behavior and 

decision-making (Walton et al., 2003; Yin et al., 2005; Burton et al., 2015; Haber, 2016). 

However, the impact of ACC lesions on DMS firing was only evident in the attenuated 

directional signals during large reward trials across the population. Furthermore, the impact of 

ACC lesions on DMS neural encoding was limited to size blocks. These findings suggest that the 

observed behavioral impairments cannot be solely attributed to disruptions in downstream DMS 
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encoding. This suggests that the reason we do not see global disruptions to DMS encoding is 

because the observed robust behavioral impairments were not a result of a breakdown in 

downstream action-outcome encoding, but rather tied to reductions in task engagement we have 

previously observed following ACC perturbation (Chapters II-III).  
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Abstract 

In previous studies, we have found that disruption of anterior cingulate cortex (ACC) 

signaling—via manipulations ranging from chemical lesions to optogenetic inhibition—results in 

attenuated attention during performance of a decision-making task. How these attentional 

disruptions may be repaired—using therapeutically relevant and biologically feasible 

treatment—in the service of restoring decision-making impairments remains to be explored. One 

interesting molecular target for modulating cognition and neural activity is histone deacetylase 5 

(HDAC5), an epigenetic enzyme involved in regulating gene expression. Studies have found that 

heightened HDAC expression contributes to memory impairments and cognitive decline (Dos 

Santos Sant’ Anna, 2013; Taniguchi et al., 2017), and that expression of nucleus-localized 

HDAC5 in the nucleus accumbens reduces neuron excitability (Anderson et al., 2023). Taking 

these findings into account, we sought to explore whether chromatin remodeling resulting from 

HDAC5 knockdown might enhance attentional signals that are necessary for flexible decision-

making. To this aim, we trained rats on a reward-guided decision-making task consisting of four 

sixty-trial blocks; reward value was manipulated by independently varying the delay to (Blocks 1 

and 2) or size of reward (Blocks 3 and 4). Subsequently, we either knocked down (scAAV1-

CMV-shHDAC5-GFP; n=8), or did not manipulate (control virus, scAAV1-CMV-shLuc-GFP; 

n=7) HDAC5 expression, and recorded ACC activity while rats performed the aforementioned 

task. We found that HDAC5 knockdown lead to decoupled attentional signaling, significantly 

worse performance across all trial-types, and reduced task engagement; thus, counter to our 

hypothesis, HDAC5 knockdown in the ACC did not improve performance. 

Introduction 



 

90 

 

 

Dysregulated gene transcription is a hallmark of many neuropsychiatric disorders, and 

this dysregulation can—in part—be attributed to the aberrant activity of epigenetic enzymes 

(Duman & Newton, 2007; Tsankova et al., 2007; Stuffrein-Roberts et al., 2008; Karsli-

Ceppioglu, 2016; Nestler et al., 2016; Tseng et al., 2020; Grezenko et al., 2023), making these 

enzymes an important target for therapeutic intervention. Among these epigenetic enzymes are 

histone deacetylases (HDACs); deacetylation of histones leads to increased electrostatic affinity 

between histones and DNA, generally resulting in reduced gene transcription rates (Seto & 

Yoshida, 2014; Li et al., 2018; Malvaez et al., 2018). HDAC5 is a class II HDAC enzyme that 

shuttles between the nucleus and cytoplasm in response to intracellular signaling; it is highly 

expressed in the brain—particularly in cortical regions—indicating that it may play a crucial role 

in cortical functions underlying learning (Yang & Gregoire, 2005; McQuown & Wood, 2011; 

Kim et al., 2012). There have been studies showing that—in the nucleus accumbens (NAc)—

HDAC5 expression negatively modulates cocaine seeking (Renthal et al., 2007); similarly, viral 

overexpression of nuclear-localized accumbal HDAC5 decreases cue-induced reinstatement of 

drug seeking (Taniguchi et al., 2012; 2017), suggesting that HDAC5 plays a significant role in 

reward-associated learning and memory. 

Although there is increasing research looking at epigenetic regulation of gene expression, 

and how it contributes to drug abuse and the reinstatement of addiction (Nestler, 2014; Li et al., 

2015; Rubio et al., 2016; Taniguchi et al., 2017; Li et al., 2018; Cates et al., 2018; Li et al., 

2019), there is limited research on whether histone modification may exert a macro impact 

neural signaling and behavior. More specifically, no work has explored how chromatin 

remodeling in the anterior cingulate cortex (ACC) impacts decision-making. 



 

91 

 

 

HDAC5 overexpression in the dorsal striatum—a brain region that plays a pivotal role in 

reinforcement learning—has been found to exacerbate inflexible decision-making, while 

inhibition of HDAC enzymes in hippocampal regions enhances long-term potentiation and 

memory (Levenson et al., 2004; Barrett & Wood, 2008; Morris, Karra, & Monteggia, 2010; 

Burns et al., 2022). While these studies did not look at cortical regions, studies in humans have 

found significantly increased levels of HDAC5 expression in the frontal cortex of individuals 

with Alzheimer’s Disease compared to age-matched controls (Anderson et al., 2015). Here, we 

wanted to study how the downregulation of HDAC5 might influence neural activity at the single 

cell level, and whether this might translate to changes in behavior. 

Only a few studies have investigated the effects of HDAC manipulation on 

reward-based learning outside of the context of drug-seeking. Previously, our research 

demonstrated that overexpression of HDAC5 in the dorsal striatum resulted in quicker 

and less adaptable behavior (Pribut et al., 2021). Conversely, another study examining 

the influence of HDAC3 on habitual behavior found that inhibiting HDAC3 function in 

either the dorsolateral or dorsomedial striatum promoted habit formation, whereas 

enhancing HDAC3 function via viral-mediated overexpression prevented habit 

formation. Taken together, these findings indicate that HDAC3 negatively regulates 

habit formation within the dorsal striatum (Malvaez et al., 2018). 

In our previous research, we have also discovered an imperative role of the ACC 

in attention and task engagement (Chapters II-IV). Attentional reductions and inflexible 

decision-making are hallmarks of age-related cognitive impairment (Kim & Giovanello, 

2011); relatedly, aging has been shown to increase HDAC activity in the rat 
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hippocampus (Dos Santos Sant’Anna, 2013). Other studies have shown that the 

administration of HDAC inhibitors can improve age-related memory deficits in rodents 

(Reolon et al., 2011). Together, these findings seem to suggest that heightened HDAC 

expression contributes to the cognitive decline that is characteristic of aging, and that 

inhibiting or reducing HDAC activity might help repair some of these deficits.  

Very recent work has also shown that the expression of nucleus-localized 

HDAC5 in the nucleus accumbens reduced intrinsic neuron excitability in both D1 and 

D2-class MSNs (Anderson et al., 2023). This same study found that HDAC5 

overexpression in the nucleus accumbens dampened context-associated heroin-seeking 

behavior (Anderson et al., 2023). These findings—coupled with the findings that 

HDAC5 overexpression is associated with the negative regulation of reward-related 

behaviors in the context of cocaine seeking (Taniguchi et al., 2017)—make HDAC5 an 

interesting target for the study of how modulation of histone deacetylase expression 

may impact decision-making and neural firing in the ACC. 

Thus—in order to identify a more biologically feasible and therapeutically relevant 

mechanism by which to potentially repair disrupted attentional signaling and, subsequently, 

decision-making—we sought to explore how HDAC5 knockdown might impact neural firing in 

the ACC and behavior. We found that HDAC5 knockdown lead to decoupled attentional 

signaling, significantly worse performance across all trial-types, and reduced task engagement. 

Our current findings implicate dysregulated HDAC5 expression in abnormal decision-making. 

Methods 

Rats were trained on the aforementioned decision-making paradigm (Figure 2) for one 

month until they reached criterion responding (>70% on forced-choice trials). Following 
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training, they underwent surgery, after which they had a week-long recovery period. Groups 

were counterbalanced based on task performance. After recovery, we recorded neural data while 

they performed the same task they had been previously trained on. At the end of each recording 

session, each rat’s electrode was advanced ~40 μm. Following three months of recording neural 

data, rats were perfused and the location of recording and injection sites were histologically 

confirmed. 

Surgery 

Twelve Sprague-Dawley rats were obtained at 175-200 g from Charles River 

Laboratories. Before surgery, rats were trained on the aforementioned reward-based 

decision-making task (Figure 2). 

Rats (control: n=8; HDAC5 underexpressed: n=7) received bilateral injections (0.75 

μl/hemisphere) of either scAAV1-CMV-shHDAC5-GFP (experimental) or scAAV1-CMV-

shLuc-GFP (control) in their ACC (0.2 mm anterior to bregma, ±0.5 mm lateral, 1 mm ventral to 

brain). Comprehensive plasmid maps available on request. The in-vivo confirmation of HDAC5 

knockdown was previously illustrated by Li et al. (Li et al., 2018). Virus delivery occurred at a 

rate of 0.375 μl/min via Hamilton syringes (32 gauge). Following each injection, we left the 

injection needle in place for an additional minute to allow for full virus diffusion. 

Following viral injection, we implanted unilateral drivable electrodes (0.2 mm anterior to 

bregma, ±0.5 mm lateral, 1 mm ventral to brain; hemispheres counterbalanced) for single-unit 

recordings. Coordinates were chosen based on previous optogenetic and recording studies 

targeting the same area (Bryden et al., 2011; Vázquez et al., 2020; Vázquez et al., in press). 

Single-Unit Recordings 
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Single-unit recording procedures followed those outlined in previous publications 

(Bryden et al., 2011; Vázquez et al., 2020; Vázquez et al., in press). Neural recordings were 

collected using four identical Plexon Multichannel Acquisition Processor systems. Initially, 

signals from the electrode wires underwent 20x amplification via an op-amp headstage situated 

on the electrode array. Single-unit signals were subsequently amplified 50x and filtered within 

the range of 150-9000 Hz by a differential preamplifier (Plexon, PBX2/16sp-r-G50/16fp-G50). 

These single-unit signals were then directed to the Multichannel Acquisition Processor box, 

where they were further filtered at 250-8000 Hz, digitized at 40 kHz, and amplified at 1-32x.  

Histology 

Rats were deeply anesthetized with isoflurane and transcardially perfused using 500 mL of 

0.01 M phosphate buffered saline (PBS). Brain tissue was fixed for one hour in 500 mL of 4% 

paraformaldehyde (PFA), and was subsequently transferred into 30% sucrose PBS solution. 

Once the brains sunk, they were sectioned into 30 μm slices using a Leica cryostat, and stored in 

cryoprotectant at -80 ºC. For imaging, sections were washed in PBS and mounted on glass slides 

(Fisherbrand™ Superfrost™ Plus Microscope Slides, Cat #12-550-15) that were air-dried and 

cover-slipped using Fluormount G (Electron Microscopy Sciences). We acquired fluorescent 

images of the ACC using a Zeiss AXIO Imager M2 microscope.  

Behavioral Analyses 

Behavioral analyses were conducted on individual sessions, and subsequently averaged 

across all sessions within each group. The analyses spanned several parameters, including 

percentage of initiated trials, percentage of correct responding during forced-choice trials (i.e., 
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trials where the animals correctly responded to the well corresponding to the directional odor 

cue), percentage of trials where rats selected a high-valued condition (i.e., short delay, large 

reward) during free-choice trials, reaction times (epoch from odor offset to odor port exit), 

percentage of trials rats initiated (nosepoke upon houselight illumination), movement times 

(epoch from port exit to well entry), light-on latencies (time taken to enter the odor port upon the 

illumination of houselights), and correlations between light-on latencies and correct responding.  

For analyses conducted solely across completed sessions (all four sixty-trial blocks), 

calculations were split into the first ten trials (early in trial block) and the last ten trials (late in 

trial block) in order to assess within-block learning. Prior studies have demonstrated that 

analyzing the initial ten trials of each trial type captures learning that occurs at the onset of trial 

blocks, and ensures a sufficiently large sample size for analysis (Bryden et al., 2011; Burton et 

al., 2018; Roesch et al., 2006; Vázquez et al., 2020; Vázquez et al., in press). Multifactor 

analysis of variance (ANOVA) was performed on behavioral measures, incorporating relevant 

factors such as group (underexpressed vs. control), phase (early vs. late in learning), block-type 

(delay vs. size), and value (high vs. low). Post-hoc t-tests, adjusted for multiple comparisons, 

were employed to explore significant interaction terms identified in the ANOVA. 

Neural Analyses 

For neural analyses, single units were sorted using template matching (Plexon, Offline 

Sorter), and exported to NeuroExplorer and Matlab. Increasing and decreasing cells were 

identified as cells whose activity significantly increased or decreased, respectively, during 

the epoch from odor cue onset to well entry (trial epoch) relative to their baseline firing rate (1s 

preceding odor onset, Wilcoxon; p < 0.05). The reward epoch of 1 s encompassed 250 ms before 
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reward delivery to 750 after reward delivery. This epoch has been used previously (Burton et al., 

2017, 2018; Vázquez et al., 2020; Pribut et al., 2021) to capture firing related to the anticipation 

and delivery of reward. Relationships between neural firing and behavioral activity were 

determined with regression tests for each neuron, separately. Specifically, regressions were 

performed on trial firing rates and light-on latencies collected during each recording session. 

Wilcoxons (rank-sum; p < 0.05) were used to measure significant shifts in the distribution of 

indices from zero, and to determine differences between control and underexpressed groups. Chi-

squares (p < 0.05) were performed on counts of neurons in each group to determine whether 

there were any significant differences between groups.  

Results 

HDAC knockdown reduced task accuracy and impacted some facets of task engagement 

Overall, HDAC5 knockdown reduced task accuracy (Figure 6.1A; 

t(273) = 3.48, p < 0.00001), and decreased the amount of times rats chose high-value reward on 

free-choice trials (Figure 6.1B; t(273) = -2.58, p < 0.01). Further, knockdown rats initiated trials 
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less frequently (Figure 6.1C; t(273) = 2.93, p < 0.005); however, once they initiated a trial, they 

completed it at a rate similar to controls (Figure 6.1D; t(273) = 0.08, p = 0.94). Due to their 

decreased accuracy, they were rewarded significantly less (Figure 6.1E; t(273) = 2.24, p < 0.05). 

Figure 6.1: Behavioral analyses across all sessions. HDAC5 knockdown worsened performance and 

diminished engagement. A) Percentage correct forced-choice trials. B) Percentage of times rats 

chose high-value reward on free-choice trials C) Percentage of trials rats initiated (defined as rats 

nose-poking into the central odor port until odor presentation upon illumination of the houselights). 

D) Percentage of completed sessions (i.e. sessions in which rats completed all 240 trials (four sixty-

trial blocks). E) Percentage of rewarded trials. F) Average light-on latency denotes the latency to 

enter odor port upon house-light illumination (which indicates the beginning of a new trial). G) 

Correlation between light-on latencies and percent correct. 
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Light-on latencies were not significantly different between the two groups (Figure 6.1F; 

t(273) = 1.13, p = 0.26). 

Our previous research has uncovered a consistent relationship between behavioral 

measures of attention—denominated "light-on latencies"—and task accuracy (Chapters II-IV). 

Here, we have once again replicated this phenomenon, demonstrating that quicker latencies were 

linked to higher accuracy on forced-choice trials, and the correlations were significantly different 

from each other (see Figure 6.1G; control: r2 = 0.19, p < 0.0001; underexpressed: r2 = 0.05, 

p < 0.01; Fisher’s r-to-z transformation: z = -2.02; p < 0.05). In summary, these findings suggest 

that reductions in attentional focus may contribute to diminished task performance. 

 During forced-choice trials, rats had to respond in the cued direction in order to receive 

reward (i.e. correct trial); if the rats responded in the opposite direction, no reward was delivered 

(i.e., error trial). As we have shown in previous studies, behavior was biased towards the location 

of the more favorable reward (i.e. short delay or large reward size; Pribut et al., 2021). That is, 

rats tended to perform better and worse on high- and low-value forced choice trials, respectively. 

Thus, we found that both groups performed better on high- compared to low-value forced-choice 

trials (Figure 6.2A; Main effect of group for percent correct: F(1, 5983) = 21.52, p < 0.0001; 

phase: F(1,5983) = 10.99, p < 0.0001; value: F(1,5983) = 29.59, p < 0.0001; and an interaction 

between group, phase, and reward value: F(1,5983) = 21.08, p < 0.0001; interaction between 

group and block for percent correct: F(1,5983) = 4.97, p < 0.05.) Rats were also swayed towards 

high reward value on free-choice trials towards the end of trial blocks (Figure 6.2B; interaction 

between reward value and phase for percent choice: F(1,5983) = 226.18, p < 0.0001). There 
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were no significant differences in movement (Figure 6.2C; F(1,5983) = 0.14, p = 0.71) or 

reaction times (Figure 6.2D; F(1,5983) = 0.14, p = 0.71).  

Attentional control was decoupled from ACC firing in HDAC5 knockdown rats 

In order to quantify neural (firing rate) and behavioral (light-on latencies) changes occurring 

at the beginning of trial blocks (when learning occurred), we computed an index that captured 

differences in activity between early (first ten trials) and late (last ten trials) trials for each neuron 

in both control and knockdown groups (Figure 6.3; index = early − late/early + late). For 

Figure 6.2: HDAC5 diminished task accuracy across completed sessions. Analyses were broken down 

by learning phase (early in session, when contingencies first switch vs. late in session, once 

contingencies have been learned). A) Percentage of times rats accurately responded during completed 

sessions. B) Percentage of times rats chose each valued reward during completed sessions. C) 

Movement times (time from odor port exit to fluid well entry) on forced-choice trials for each value 

manipulation during completed sessions. D) Reaction times (time from odor offset to odor port exit) on 

forced-choice trials for each value manipulation during completed sessions. 
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distributions of firing-rate indices, we found significant shifts above zero for controls (Figure 

6.3A; Control: μ = 0.01; p < 0.0001)—indicative of higher firing at the beginning of trial blocks. 

However, we did not see this effect in knockdown rats (Figure 6.3B; Knockdown: μ = 0.002; p 

= 0.11); the distributions did not significantly differ between groups (control vs. 

knockdown: z = 1.55; p = 0.12). For light-on latency indices, we found significant shifts for 

control (Figure 6.3D; Control: μ = 0.02; p < 0.01) but not knockdown (Figure 6.3E; Knockdown: 

μ = -0.01; p = 0.16) rats; further, the distributions were significantly different from each other 

(control vs. knockdown: z = 3.09; p < 0.05). We then explored the correlation between firing rate 

and light-on latencies. In line with our previous findings, we demonstrate a correlation between 

ACC firing rates and light-on latencies in control rats (Figure 6.3C). Specifically, in control rats, 

these two measures were negatively correlated (Figure 6.3C, p < 0.0005, r2 = 0.07), indicating 

that sessions characterized by elevated ACC firing rates corresponded to heightened levels of 

attention. Interestingly, in HDAC5 knockdown rats, this relationship disappeared (Figure 6.3E, 

p = 0.78; r2 = 0.0004), and—notably—significantly differed from the control group (determined 

via Fisher r-to-z transformation; z = 2.78; p < 0.005). This suggests that there is a disassociation 

between attentional control and ACC firing in HDAC5 knockdown rats, similar to what we 

previously saw with cocaine rats (see Chapter II). 
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At the single-neuron level, the firing of 25 (14%) and 19 (9.5%) neurons was significantly 

modulated during the first compared with the last ten trials in control and HDAC5 

underexpressed rats, respectively (Figure 6.3A, B; black bars; t test; p < 0.05). In controls, 18 and 

7 neurons significantly increased or decreased their firing during the beginning compared to the 

end of trial blocks (Figure 6.3A, black bars; t test; p < 0.05). In the knockdown group, 10 and 9 

neurons significantly increased or decreased their firing during early compared to late trials, 

Figure 6.3: HDAC5 knockdown decoupled attention signals. A, B) Distributions of firing-rate indices for 

control (A) and HDAC5 knockdown (B) rats. Black bars represent cells with firing that significantly 

differed for early compared to late trials (t test; p < 0.05). Insets to the right of each panel illustrate z-

score normalized average firing during early (dashed line) and late (solid) trials averaged over all trial 

types. Firing is aligned odor onset. Nose poke into the odor port occurred 500 ms prior to odor 

presentation and was triggered by illumination of the houselights. Port exit occurred roughly 750 ms 

after odor onset (500 ms of odor presentation +~250 ms of reaction time). C) The correlation between 

firing-rate indices (A) and light-on latency indices (D) for control rats. E) The correlation between firing-

rate indices (B) and light-on latency indices (F) for knockdown rats. Black bars in D and F represent 

sessions where light-on latencies significantly differed between early and late trials (t test; p < 0.05). 

Wilcoxon tests were used to measure significant shifts in the distribution of indices from zero, and to 

determine differences between control and knockdown groups (p < 0.05). 
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respectively 

(Figure 6.3B, 

black bars; t 

test; p < 0.05). 

The frequency 

of neurons did 

not 

significantly 

differ between 

the two groups 

(χ2 = 1.01; 

p = 0.31). 

Figures 

6.4 A and B 

illustrate z-

score 

normalized 

firing–aligned to 

odor onset–for neurons that increased firing in control (A) and HDAC5 underexpressed (B) rats. 

However, there were no differences in baseline activity between these two populations of cells 

(t(75) = -0.963, p = 0.338, unpaired t-test). Figure 6.4 C and D depict z-score normalized average 

neural firing aligned to reward delivery for both control (C) and HDAC5 underexpressed (D) 

Figure 6.4: HDAC5 knockdown dysregulated firing during odor sampling. A) Z-

score normalized average firing over all control cells that increased firing during 

odor sampling aligned to odor onset. We sorted neurons according by firing into 

their preferred (i.e. towards the neuron’s response field; left column) and non-

preferred directions (i.e. away from the neuron’s response field; right column), and 

based on the direction and outcome (short, long, big, small reward) that elicited the 

highest firing rate. B) Same as (A), but for HDAC5 knockdown rats. C) Z-score 

normalized average firing over all control cells that increased firing during the 

reward epoch aligned to reward delivery. D) Same as (C), but for HDAC5 

knockdown. Ribbons = SEM. 



 

103 

 

 

rats. In order to quantify this reward selectivity, we then plotted the normalized difference 

between firing to short and long reward (Figure 6.5, A&B; delay index = short – long /short + 

long) for each neuron in their preferred (A) and non-preferred (B) directions for control (Figure 

6.5; top row) and knockdown (Figure 6.5; bottom row) rats. Gray bars reflect the distribution of 

indices across the entire population of neurons, while black bars represent neurons that either 

significantly increased (Figure 6.6, A&B; right of dashed line) or significantly decreased (Figure 

6.5, A&B; left of dashed line) their firing for cues that predicted short delayed reward relative to 

long delays. We found that distributions of delay indices were only significantly different 

between groups in that the neural firing of HDAC5 knockdown rats was not significantly 

modulated in the non-preferred direction (control: preferred direction: µ = 0.04, p < 0.0001; non-

preferred: µ = -0.05, p < 0.0001; knockdown: preferred direction: µ = 0.02, p < 0.05; non-

Figure 6.5: HDAC5 knockdown weakened delay indices in the non-preferred direction. A) Distribution 

of delay indices computed for neuron during the odor epoch (short-long/short+long) for control (top 

row) and knockdown (bottom row) rats. Gray bars reflect the distribution of indices across the entire 

population of neurons, while black bars represent neurons that exhibit a ‘preference’ for short- or long-

delay trials, firing significantly more (to the right of the dashed line) or significantly less (left of the 

dashed line) for cues that predicted short delayed reward in their preferred (A) and non-preferred (B) 

directions (Wilcoxon, p < 0.05). C) Same as (A), but for small and big reward outcomes D) Same as (B), 

but for small and big reward. 
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preferred: µ = -0.06, p = 0.41; z = 2.01; p < 0.05).  The distributions of reward indices computed 

on delay trials in the non-preferred direction was significantly different between controls and 

knockdown rats (Figure 6.5; z = 2.97; p < 0.05). Though this difference was present at the 

population level, there was no difference between groups in the counts of significant neurons that 

significantly altered their firing (control: 20 (11%)—black bars to the left of the distribution vs 5 

(3%) cells to the right of the distribution; knockdown: 13 (4%) vs 5 (2%); χ2 = 0.05; p = 0.82)—

in other words, the overall attenuation in firing resulted from a shift in population-level firing, 

and was not also present in the counts of significant single units.   

Finally, we quantified reward selectivity in the same way for size blocks, (Figure 6.5, C&D; 

size index = big – small / big + small) for each neuron in their preferred (C) and non-preferred 

(D) directions for control (Figure 6.5; top row) and knockdown (Figure 6.5; bottom row) rats. 

There were no significant differences in firing between the two groups (control: preferred 

direction: µ = 0.03, p < 0.0005; non-preferred: µ = -0.05, p < 0.005; knockdown: preferred 

direction: µ = -0.03, p < 0.0001; non-preferred: µ = -0.05, p = 0.0001). 

Discussion 

There is a growing body of research that examines the epigenetic regulation of gene 

expression, studying it principally within the context of addiction and the reinstatement of drug 

abuse (Renthal et al., 2007; Renthal et al., 2009; Hui et al., 2010; Taniguchi et al., 2012; Kenny, 

2014; Nestler, 2014; Li et al., 2015; Rubio et al., 2016; Taniguchi et al., 2017; Li et al., 2018; 

Cates et al., 2018; Li et al., 2019). Prior research has shown that nucleus-localized HDAC5 in the 

nucleus accumbens negatively regulates the formation of reward-cue associations in the context 

of drug-seeking behaviors (Renthal et al., 2007; Taniguchi et al, 2012).  
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Disrupting HDAC activity has been demonstrated to enable transient, early-

phase potentiation in the hippocampus, leading to enhanced synaptic plasticity—

converting short-term, subthreshold learning into long-term, transcription-dependent 

memory (Vecsey et al., 2007; Stefanko et al., 2009). Epigenetic events impact a cascade 

of molecular events; the study of how these cascades alter the encoding properties of 

neurons, and subsequently lead to macro changes in behavior, is in its nascent stages.  

In this study, we wanted to explore whether epigenetic changes map onto specific 

alterations of neural activity and behavior—more specifically, how knocking down 

HDAC5 might alter attentional signaling in the ACC. 

Similarly to what we observed during optogenetic inhibition of the ACC (Vázquez et al., 

in press) when analyzing across all sessions—both complete and incomplete—HDAC 

underexpression reduced task accuracy, selection of high-value rewards, and reduced task 

engagement. However, when looking solely at sessions during which rats were able to complete 

(4 blocks, 240 trials total), accuracy impairments remained, but differences in choice selection 

and movement and reaction times disappeared. This aligns with our previous findings in studies 

in which we chemically and optogenetically inactivated the ACC, wherein the robust behavioral 

impairments we observed seemed to be driven by global reductions in task engagement 

(Chapters II-IV). Supporting this, we replicated previous findings showing that heightened 

attention (operationalized as “light-on latencies”) were correlated with better task performance. 

We also replicated our previous research that showed heightened attentional signals in the ACC 

when contingencies switch and learning has to be updated (Bryden et al., 2011; Vázquez et al., 

2020). In the past, we have seen that these heightened firing patterns in the ACC are associated 



 

106 

 

 

with attentional adjustments that are important for learning and correlated with enhanced 

performance (Bryden et al., 2011; Vázquez et al., 2020). However, these changes in firing were 

not present in the HDAC5 knockdown rats. 

One major limitation of our current study was that due to the size of the electrode array, 

and the very dorsal nature of the ACC, we were unable to collect tissue samples that would allow 

us to probe the transcriptional profile of ACC neurons after HDAC5 knockdown using methods 

such as qPCR. For reasons to do with methodological feasibility, the limited amount of studies 

that have both used electrophysiology and explored the transcriptional impact of HDAC5 

knockdown have studied these properties in different cohorts of animals, and using ex-vivo patch 

clamp recordings (Anderson et al., 2023). Research has shown that significant changes in the 

biophysical properties of neurons are induced post-mortem, and that in vivo and ex vivo 

recordings show significant differences in both the strength and frequency of cell response 

dynamics (Rossmanna et al., 2014; Opitz et al., 2017; Márquez Loza et al., 2021; Pandeya et al., 

2021). Thus, while patch-clamp recording studies provide very important insights about the 

electrophysiological properties of the neuron—as well as its alteration following HDAC 

manipulations—the focal point of our research is seeing how these neurons behave in a 

consortium and within the landscape of other brain regions, providing translatable signals that 

help explore how epigenetic manipulations alter event-specific responding and real-time, 

complex behavior. 

Phosphorylation of HDAC5 triggers its translocation from the nucleus to the cytoplasm, 

effectively isolating it from target histones. The reality is that because HDAC5 is phosphorylated 

in an activity-dependent manner, it is one of the more interesting enzymes to hone in on within 
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the context of learning and plasticity; however, this simultaneously makes it a significantly more 

complicated target to study. Recently, studies have found that HDAC5 can modulate overall 

neural activity—specifically, that HDAC5 overexpression in the NAc reduces the intrinsic 

excitability of both D1 and D2 MSNs (Anderson et al., 2023), and HDAC5 overexpression in the 

dorsal striatum increases activity for cues that predict immediate reward, and diminishes reward 

encoding (Pribut et al., 2021). Although our present study found that ACC signals were 

decoupled from attention in HDAC5 knockdown rats—similarly to what we observed following 

cocaine exposure (see Chapter II)—we did not find that knocking down HDAC5 in the ACC 

significantly altered baseline or task-related firing. This could partially be due to region-specific 

differences; for example, one study found that HDAC5 overexpression in the dorsal striatum 

enhances incubation of meth seeking after abstinence, while knockdown decreases this 

incubation (Li et al., 2018), which contrasts with findings showing that HDAC5 overexpression 

in the nucleus accumbens negatively regulates drug-seeking (Renthal et al., 2007; Taniguchi et 

al., 2012).  

While beyond the scope of our current study, another important consideration is that the 

brain might engage in compensatory modulation of other HDACs in response to HDAC5 

knockdown (Li et al., 2018), and these HDACs may have differential impacts on behavior. For 

example, overexpression of HDAC5 in the dorsal striatum promoted inflexible behavior—

specifically, rats formed biased, inflexible responding that was contingent upon the initial action-

outcome associations learned (Pribut et al., 2021). However, studies manipulating that activity of 

HDAC3—a class I HDAC that is the most highly expressed and is primarily localized in the 

nucleus (Broide et al., 2007; McQuown et al., 2011; Thomas, 2014)—in the dorsal striatum 



 

108 

 

 

found that inhibiting its function accelerated habitual responding, whereas overexpressing it 

decreased habit formation (Malvaez et al., 2018). 

Bringing in an additional level of complexity, the molecular cascades that are modulated by 

HDAC manipulations are dependent on a plethora of variables. For example, Npas4—an 

activity-dependent brain-specific transcription factor that regulates experience-dependent 

learning and memory (Fu et al., 2020)—has been shown to be negatively regulated by HDAC5 

(Di Ciano et al., 2001; Taniguchi et al., 2017), but in other studies where HDAC5 is 

overexpressed, no differences in Npas4 expression are observed (Li et al., 2018). These 

contrasting findings could be attributable to factors such as differences in the activity of the 

impacted brain region, the type of drug being administered, the learning periods being studied 

(i.e. acquisition vs. performance), and the behavioral paradigms (e.g. conditioned place 

preference vs. cue-induced reinstatement of drug seeking) (Li et al., 2018).  

In human studies there also seem to be indications of sub-region specific effects. Studies 

examining HDAC expression in patients with schizophrenia—a neuropsychiatric disorder 

characterized by chronic cognitive deficits—have shown that, compared to controls, patients 

with schizophrenia showed lower HDAC expression in the dorsomedial prefrontal cortex and 

orbitofrontal gyrus, but higher HDAC expression in cerebral white matter, pons, and cerebellum 

(Gilbert et al., 2019), suggesting that the activity and impact of these enzymes might be sub-

region specific. 

A variety of neurodevelopmental and psychiatric disorders are associated with 

dysregulated cell excitability, synaptic transmission, and alterations in functional connectivity 

(Egger et al., 2004; Feng et al., 2007). Research indicates that an imbalance in excitatory and 
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inhibitory (E/I) activity within fronto-striatal circuitry contributes to the attentional impairments 

that are characteristic of attention-deficit/hyperactivity disorder (Naaijen et al., 2017; Mamiya et 

al., 2022). While beyond the scope of our current study, altering HDAC5 expression leads to a 

cascade of modifications in gene expression, impacting diverse target proteins that are important 

for the homeostatic maintenance of E/I—such as Npas4. Together, these findings suggest that 

irregularities in epigenetic processes governing gene expression—through either up- or down-

regulation of these enzymes—can have deleterious effects on cognition.  
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Chapter VI: General Discussion 

My dissertation work probed the role of the ACC in complex decision-making 

by employing a diverse array of methodologies—including in-vivo electrophysiology, 

optogenetic inactivation of neural activity, pharmacological lesions, and virus-mediated 

epigenetic modifications—in order to obtain a holistic understanding of the ACC’s role 

in attention. Our findings are supported by a plethora of human studies that have 

repeatedly shown persistent hypoactivation in the ACCs of patients with attention 

deficit disorders during attention-related tasks (Banich et al., 2013; Bledsoe et al., 2013; 

Bayard et al., 2018; Hoogman et al., 2019; Vogt, 2019; Bayard et al., 2020; Yu et al., 

2023). 

Summary of Results 

We first explored the ACC’s role in attention—and how it is impacted by drug use—

using electrophysiology to record from ACC neurons as both cocaine-exposed and drug-naïve 

rats performed a reward-guided decision-making task. Using this task, we found a dose-

dependent attenuation of ACC signaling after cocaine self-administration, which was correlated 

with decreases in task performance and attention to the task. Rats that had self-administered 

large amounts of cocaine had diminished neural responsiveness to cues, which translated into 

reductions in behavioral measures of attention, disruptions in cognitive flexibility, and impaired 

decision-making. These results both supported previous findings establishing the ACC’s role in 

attentional allocation, and revealed an intake-dependent effect of drugs on decision-making and 

neural encoding.  
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Rats that had self-administered cocaine displayed heightened impulsivity, demonstrating 

a preference for immediate rewards over delayed ones, and exhibiting notably poorer 

performance on forced-choice tasks. Consequently, these cocaine-exposed rats accrued fewer 

reward overall. This was attributed to the absence of rewards on incorrect forced-choice trials 

and the normalization of short-delay trials, which prevented an accumulation of greater rewards 

despite the tendency to perseverate and select immediate options repeatedly across multiple 

trials. 

Additionally, we proposed that the ACC plays a role in sustaining attention to cues 

during block adjustments, enabling rats to adhere to forced-choice rules while updating action-

outcome contingencies in free-choice trials. This notion aligns with our observation that rats 

tended to perform poorly on forced-choice trials when attention levels were diminished.  

Our results align with studies in humans investigating cognitive control impairments that 

are induced by cocaine use (Pace-Schott et al., 2008; Balodis et al., 2016; van Son et al., 2016; 

Almeida et al., 2017), reinforcing the translational validity of our findings, and offering further 

evidence of drug-induced alterations in brain function and behavior at the level of individual 

neurons. Importantly, our study controls for confounding variables that could affect research in 

humans, such as life history and polysubstance abuse, enhancing the validity of our findings. 

The dose-dependent effects we found were particularly intriguing, but due to the 

correlational nature of these findings we could not disambiguate whether more impulsive rats 

self-administered more cocaine, or whether having self-administered higher quantities of cocaine 

made them subsequently more impulsive. Further, we could not disambiguate whether the 
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behavioral disruptions arose from ACC signaling disruptions, or were partially attributable to the 

global impact of drug use throughout the brain. 

Thus, in our subsequent experiment we wanted to be able to precisely modulate ACC 

activity in order to better interrogate the role of the ACC in the absence of confounding variables 

(e.g. cocaine use results in the dysregulation of various neural circuits), and conduct within-

subject analyses. Subsequently, we used optogenetics to transiently inactivate the ACC. Our 

results unveiled that inhibiting the ACC significantly hindered the rats' fundamental abilities to 

both initiate and complete trials, leading to a decrease in both obtained reward and completed 

sessions. Notably, reaction times, movement times, and reward consumption remained 

unimpaired across different trial types and choices, indicating that the deficits observed in trial 

initiation, completion, and task engagement were not related to issues with motor control or 

motivation. 

Our primary hypothesis for this study was that the functional ACC played a crucial role 

in directing attention towards cues predicting rewards, thereby facilitating both the learning and 

updating of value contingencies. This aligns with previous studies implicating the ACC in 

various aspects of reward processing, conflict monitoring, error detection, and attention 

allocation (Aarts et al., 2008; Barch, 2001; Botvinick et al., 2004; Braver, 2001; Carter et al., 

1998; Hayden et al., 2011; Holroyd et al., 2004; Hyman et al., 2013; Kerns et al., 2004; Laubach 

et al., 2015; Newman et al., 2015; Soltani & Izquierdo, 2019; Totah et al., 2009; Weissman, 

2004; Wu et al., 2017; Yeung et al., 2004). Our findings demonstrated that ACC inactivation 

severely disrupted the rats' ability to sustain task performance, evident by the reductions in trial 

initiations, and trial and session completions—resulting in overall impaired session performance. 
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Moreover, their latency to respond to the trial initiation cue—much as we observed in our 

cocaine study—was significantly longer on inhibition days, and task performance was negatively 

correlated with this behavioral proxy of attention to the task. The reductions in accuracy could 

potentially be attributable to attenuated response-outcome associations, which have been shown 

to stem from alterations in attention (Krajbich et al., 2010, 2012; Nunez et al., 2017; Retzler et 

al., 2020). 

The observed lack of engagement throughout the task on inhibition days could be related 

to an inability to sustain attention in a task that is highly cognitively demanding. Research has 

demonstrated that rats with ACC lesions are less inclined to surmount physical barriers in order 

to access higher-valued reward, instead opting for an easily obtained, smaller reward that 

requires minimal effort (Walton et al., 2003; Rudebeck et al., 2006; Holec et al., 2014). Similarly, 

investigations involving human subjects with bilateral ACC lesions have revealed motivational 

and attentional deficits, alongside akinetic mutism—a disorder characterized by a state of 

profound apathy and a paucity of goal-directed behaviors (Barris & Schuman, 1953; Laplane et 

al., 1981). 

While our task does not involve physical exertion, it is highly cognitively demanding, 

requiring rats to adhere to a basic trial structure (e.g., responding to houselights, maintaining the 

hold in the odor port, choosing a well) and to learn, track, and revise response-outcome 

associations, which vary across two reward dimensions across four sixty-trial blocks—all while 

adhering to forced-choice rules. It's conceivable that the ACC plays a particularly crucial role 

when rats are tasked with sustaining attention during activities that demand significant cognitive 

effort or complexity. 
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However, we found that—while inactivation disrupted attention in a way that impaired 

task performance—we did not observe decision-making impairments on sessions which rats 

were able to complete. Thus, it appears that when task engagement is conserved, rats are able to 

perform the task well—suggesting that action-outcome encoding is preserved.  

In order to confirm this, we chemically lesioned the ACC, and recorded neural activity 

from the dorsomedial striatum (DMS)—a downstream brain region that is importantly involved 

in goal-directed behavior—as rats performed the previously mentioned decision-making task in 

order to explore whether ACC signaling disruptions impacted downstream action-outcome 

encoding. 

ACC projections to the DMS are an important component of the corticostriatal circuit—a 

critical circuit for motivated behavior—with ample evidence demonstrating that DMS encoding 

drives goal-directed decision-making (Yin et al., 2005; Stalnaker et al., 2010; Thorn et al., 2010; 

Stalnaker et al., 2012). Our findings revealed detrimental effects of ACC lesions across various 

behavioral measures. Specifically, rats with lesions exhibited significantly inferior performance 

across all trial types, showed reduced preference for high-valued rewards, and demonstrated 

slower light-on latency, reaction, and movement times. 

In spite of these significant behavioral impairments, the impact of ACC lesions on DMS 

encoding was small—evident primarily in the attenuated directional signals during large reward 

trials across the population. These results suggest that the pronounced behavioral deficits 

following ACC dysfunction do not stem from disruptions to downstream action-outcome 

encoding, but rather relate to a breakdown in functions necessary for engaging in a complex 
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reward-guided decision-making task when attention is required for learning (e.g., during block 

transitions). 

One plausible explanation is that ACC lesions bias behavior in a manner that minimizes 

the effort exerted by an organism to obtain a reward. Supporting this notion, rats with lesions 

exhibited fewer food cup entries during autoshaping; however, they interacted with the lever at a 

comparable rate to control rats, making this explanation less probable (see Chapter IV). It could 

also be argued that lesioned rats displayed gross motor deficits; however, during delay blocks—

which always occurred first during recording sessions—there were no notable differences in 

movement times between control and lesioned rats. These significant reductions in movement 

times towards the end of sessions, suggest that ACC dysfunction impacts the capacity to sustain 

attention.  

Moreover, the results of our autoshaping experiment immediately following the reward-

based decision-making task suggest that these behavioral deficits were not attributable to 

aberrant deficits in lever pressing or locomotion. Notably, lesioned rats engaged in more 

locomotion, which may reflect their reduced task engagement (i.e., they roamed around the 

chamber instead of interacting with the food cup and lever). In line with this interpretation, 

studies in humans with ADHD have identified high locomotor, non-task-related activity as a core 

presentation (Stray et al., 2013; Gawrilow et al., 2014; Garcia Murillo et al., 2015). 

Indeed, consistent with findings from our optogenetic inactivation study, lesioned rats 

took significantly longer to complete recording sessions and were markedly less engaged in the 

task, initiating trials less frequently than controls. Additionally, akin to observations in previous 

studies (Chapters II and III), when examining both complete and incomplete sessions, 
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differences in movement and reaction times—but not in light-on latencies—were no longer 

apparent. 

We found that ACC lesions resulted in disrupted attention to the task, and similar 

behavioral deficits to the ones we observed following cocaine use. Interestingly, we found that 

DMS encoding was minimally impacted—reinforcing the idea that the ACC is critical for task 

engagement, but not for informing downstream action-outcome representations. The disruptions 

to DMS encoding during delay blocks may also suggest that the valuation of this variable relies 

more heavily on ACC output to the nucleus accumbens, a region strongly implicated in reward 

expectation and central to delay discounting and intertemporal choice tasks (Cardinal & Cheung, 

2005; Acheson et al., 2006; Galtress & Kirkpatrick, 2010; Joutsa et al., 2015; Wu et al., 2018).  

In the aforementioned experiments, we employed an array of techniques to dissect how 

disrupting ACC signaling in a variety of manners impacted task performance and engagement, so 

for our final experiment we sought to explore a therapeutically relevant way to potentially repair 

signaling disruptions that lead to the breakdown in attentional signaling. Thus, we turned to 

epigenetics—specifically, decreasing the expression of HDAC5, an enzyme that is involved in 

regulating gene expression—explore whether epigenetic changes might map onto specific 

alterations of neural activity and behavior.  

When analyzing across all sessions—both complete and incomplete—HDAC5 

knockdown led to diminished task accuracy, decreased selection of high-value rewards, and 

reduced task engagement. However, focusing solely on sessions in which rats completed the 

entire task (e.g. all four blocks), accuracy impairments persisted, while differences in choice 

selection, movement, and reaction times vanished. This mirrors our earlier findings, where the 
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pronounced behavioral deficits appeared to stem from overall reductions in task engagement and 

not when rats were able to sustain engagement.  

Additionally, we replicated earlier findings showing that attentional signals are enhanced 

following shifts in contingencies and updates to learning (Bryden et al., 2011; Vázquez et al., 

2020). Historically, we have also noted that heightened ACC firing follows contingency 

changes—when learning 

needs to be updated—

and are linked to 

improved performance 

(Bryden et al., 2011; 

Vázquez et al., 2020). 

However, these 

alterations in firing were 

not seen in the HDAC5 

knockdown rats. 

Across all of the 

studies we conducted, light-

on latencies served as a 

behavioral proxy that 

allowed us to gauge the timing and intensity of attentional control processes. Faster light-on 

latencies during task performance are believed to indicate accelerated processing of trial events 

(such as cues and responses) following unexpected shifts in reward contingencies. This 

Figure 7.1: Activity patterns within the functional ACC were closely associated 

with measures of attention, and across the board there are correlations between 

these behavioral measures of attention and task accuracy. Additionally, there 

was a persistent decline in task engagement following ACC dysfunction, 

characterized by notable reductions in the proportion of initiated and completed 

trials and prolonged periods of inattention (measured by light-on latencies), 

except following HDAC5 knockdown. Yellow highlight denotes overlapping 

findings; bold font indicates findings were consistent across all four studies. 
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acceleration mirrors theoretical shifts proposed in Pearce and Hall models of attention, 

particularly in terms of task reengagement being necessary for updating learned block structures 

in response to changes in reward value (Pearce & Hall, 1980). Accordingly, throughout all of our 

presently discussed studies we found correlations between attenuated attention and diminished 

task accuracy. 

Thus, we found that signaling in the functional ACC correlates with behavioral measures 

of attention, and that attenuation of these signals results in disruptions to decision-making 

behaviors, primarily evinced by decreased accuracy and sub-
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Figure 7.2: A brief overview of some of the major findings that existed across all manipulations; 

these analyses occurred across all sessions. This figure is a graphical depiction of the summary 

of results presented in Figure 7.1. Across all four manipulations of the ACC, we found decreased 

accuracy on task performance. With the exception of the HDAC- study, we found longer light-on 

latencies—suggestive of decreased task engagement (e.g. they were slow to initiate trials). Along 

those same lines, ACC manipulations decreased trial initiation and trial completion across the 

board. Finally, there were no significant consistencies across movement and reaction times—a 

finding highlighted here to show that light-on latencies are distinctly impacted by disruptions to 

ACC signaling. These results make sense with regards to the impacts on task engagement. 

Although motivation is difficult—if not impossible—to fully disentangle from attention to the task, 

their indistinguishable movement and reaction times suggest that these findings are not 

attributable to decreased motivation to obtain a reward. Although movement times were impacted 

in the lesioned rats, there were other factors suggesting that this was not due to decreased 

motivation (see Chapter IV discussion). 
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optimal free-choice responding. Across the board, we also found a consistent breakdown in task 

engagement upon ACC dysregulation—specifically, significant decreases of the percentage of 

trials rats initiated and completed, and longer periods of inattention (operationalized by light-on 

latencies), although HDAC5 knockdown did not impact these latencies. Figure 7.1 presents a 

qualitative summary of findings, and Figure 7.2 serves as a graphical depiction of these findings. 

Future Directions 

Exploring excitatory/inhibitory balance 

Studies suggest that the dysregulation of excitatory and inhibitory activity (E/I) seems to 

contribute to the pathogenesis, as well as the inattention and impulsivity symptoms, of 

neuropsychiatric disorders such as ADHD (Naaijen et al., 2017; Shepard et al., 2019; Kim et al., 

2021; Liu et al., 2021; Mamiya et al., 2022). Importantly, the manipulations presented in this 

dissertation principally impacted pyramidal neurons—excitatory cells. Future work exploring 

how manipulating activity in interneurons that inhibit excitatory cells—such as parvalbumin- and 

somatostatin- positive interneurons (Nahar et al., 2021)—modulates attention might be beneficial 

to perform a more thorough interrogation of ACC circuitry. 

Related to E/I imbalance, future studies should look into overexpressing Npas4—a target 

gene of HDAC5—in order to assess its impact on the ACC’s activity and modulation of 

attention. Npas4 is a transcription factor that is expressed solely in neurons, and is very 

importantly implicated in both excitatory and inhibitory synaptogenesis in the service of 

promoting homeostasis (Lin et al., 2008; Coutellier et al., 2012; Spiegel et al., 2014; Shepard et 

al., 2019; Fu et al., 2020; Kim et al., 2021). Our epigenetic manipulation centered around 

knocking down HDAC5—which negatively regulates Npas4 expression (Di Ciano et al., 2001; 
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Taniguchi et al., 2017; Zhu et al., 2019; Rein et al., 2022). Naturistically, in order to negatively 

regulate transcriptional processes, class IIa HDACs need to be localized to the nucleus 

(Clocchiatti et al., 2011); because HDAC5’s nucleocytoplasmic shuttling is stimulus-

dependent—and thus, its ability to repress transcription is activity-dependent—this enzyme is 

simultaneously both a critical and challenging target to study in the context of learning. Honing 

in on the modulation of one of its main target genes—Npas4—may help us precisely identify 

molecular contributors to the genetic basis of attention disorders such as ADHD. 

HDAC5 following drug use 

The study of HDAC5’s impact on reward learning has largely been restricted to the 

context of drug-seeking. Researchers studying the link between cocaine and HDAC5 expression 

have noted that repeated cocaine administration causes CaMKII-dependent phosphorylation of 

HDAC5, which results in its nuclear export and loss of function as a transcriptional repressor 

(Renthal et al., 2007; Taniguchi et al., 2012). Within an hour, however, cAMP-mediated 

activation of protein phosphatase dephosphorylates HDAC5, and it is subsequently imported 

back into the nucleus (Renthal et al., 2007; Taniguchi et al., 2012). While these studies do not 

examine the long-term impact of drug abuse on deacetylase activity, nor the effects following—

but outside of—the context of immediate drug use, our findings in Chapter II suggest that the 

impact of drug abuse on executive function extends far beyond the acute effects of drug use. 

Future research should explore whether the chronic impact of cocaine abuse on decision-making 

is associated with aberrant deacetylase activity or expression. 

Probing the circuit optogenetically 
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 Another interesting avenue of research will be employing anatomically precise and cell-

specific optogenetic manipulation to probe which network connections are necessary for 

attention. We would use a retrograde label, such as glycoprotein-deleted rabies virus, to target 

presynaptic inputs with halorhodopsin (Kim et al., 2017). Among regions of interest to inject the 

retrograde virus would be the nucleus accumbens, for its extensive role in reward processing and 

motivation, and the insula—for its involvement in the salience network.  

Complementary behavioral assays 

Consistently throughout our studies, we were able to replicate that the ACC plays a 

critical role in task engagement. As evinced by the lack of behavioral differences on completed 

sessions across the optogenetic study, coupled with the lack of robust disruptions to action-

outcome encoding during the lesion experiment, it appears that ACC inactivation did not have a 

behavioral impact on the ability of rats to acquire action-outcome associations—findings that are 

supported by inactivation studies showing that the ACC is not necessary for the acquisition of 

conditioned behaviors (Cardinal et al., 2003; Schweimer et al., 2005; Aly-Mahmoud et al., 2017; 

Halbout et al., 2022; Stawicka et al., 2022). Instead, in Chapters III and IV we saw that ACC 

inactivation diminished attention, which impacted task engagement and—subsequently—

accuracy during sessions which they were unable to complete. The structure of our behavioral 

paradigm—while allowing us to parse out various facets of complex decision-making—does not 

allow us to conduct normalized analysis on unfinished sessions—which are the sessions in which 

ACC inactivation was deleterious to task execution. Thus, future research should study the 

effects of optogenetic inactivation of the ACC during less complex tasks—such as the 5-choice 
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serial reaction time task (5CSRTT), which is a behavioral assay commonly used to study 

attention (Asinof et al., 2014).  

In this task, rats are placed in an operant chamber that contains a panel with five 

openings. A trial consists of a brief cue light illuminating one of the chambers, at which point the 

rat must nosepoke into the opening in order to receive reward (Robbins, 2002; Bari et al., 2008; 

Asinof et al., 2014; Remmelink et al., 2017). This paradigm allows you to assess attention at its 

most basic level, as well as impulsive behavior or inhibitory control. Premature responding 

during the inter-trial interval, for example, is a measure of prepotent and impulsive behavior. 

Unfortunately, there is a trade-off—this task is significantly less cognitively demanding, and thus 

would not allow us to parse the impacts of inattention on higher-order decision-making 

flexibility (e.g. tracking contingency switches), which attention is particularly important for. 

In sum, our work at present identifies the ACC as an important hub for targeted 

therapeutic interventions aimed at ameliorating the attentional impairments that are hallmarks of 

some of the most prevalent neuropsychiatric disorders that ail modern society. A continued 

interrogation of the ACC’s role in attention at both the systems- and cellular-level will provide 

insight into how to repair these deficits.  
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