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Abstract 

Reinforcer devaluation is a task often used to model flexible goal-directed action, the 

ability to adaptively modify behavior when the value of a reinforcer changes. Deficits in goal-

directed action are reported in multiple neuropsychiatric conditions, including schizophrenia. We 

designed a novel devaluation task in which goal-directed action could be guided by stimulus-

outcome (S-O) [presumably orbitofrontal cortex (OFC)-mediated] or response-outcome (R-O) 

associations [presumably prelimbic cortex (PL)-mediated] to maintain. Therefore, if our task is 

able to model neural compensation, damage to either PL or OFC should not impair devaluation 

because the non-damaged region can compensate for the loss using the alternate strategy. 

Additionally, we investigated whether the mediodorsal thalamus (MD) may be involved in 

neural compensation between these regions as MD is important for directing attentional 

resources to relevant stimuli in the environment. In Experiment 1, male and female rats (n = 59) 

received pre-training bilateral OFC, PL, combined OFC+PL, or sham lesions and then completed 

our devaluation task. Sham, OFC, and PL lesioned rats showed intact devaluation, whereas the 

OFC+PL lesion group exhibited impaired devaluation. In Experiment 2, male and female rats (n 

= 20) received pre-training bilateral PL or sham lesions and a unilateral infusion of cholera-toxin 

b (CTb), a retrograde tracer. Rats were perfused 75 minutes after the beginning of the final 

session of cued-trial training when Arc protein expression, an early immediate gene indicative of 

neural activity, is highest following neural activity. We double-labeled brains for Arc and CTb 

and assessed how PL lesions affected the number of Arc+ neurons in OFC and MD to assess 

changes in gross neural activity and the percent of CTb+ neurons that were also Arc+ in MD to 

assess how MD->OFC projecting neurons altered activation patterns when PL was lesioned. We 

found increased Arc+ neuron in OFC in PL lesioned rats, no change in Arc+ neurons in MD, and 



  

a higher proportion of double-labeled neurons in MD. Our results suggest that our devaluation 

task can successfully model compensation between OFC and PL. Further, it shows that when PL 

is inactive, OFC increases neural activity, suggestive of the S-O strategy being learned. In 

addition, it suggests that MD may be involved in modulating which region is active and 

primarily used to guide learning. This research demonstrates a method to study how functional 

neural circuitry is subtly altered like in early stages of schizophrenia. 
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Chapter 1 - Introduction 

Prodromal symptomatology, or symptoms that are below clinical threshold but signal the 

beginning of a disease, often appear in neuropsychiatric disorders including schizophrenia (SCZ) 

(Chung & Cannon, 2015; Conroy et al., 2018) and bipolar disorder (Berk et al., 2017; Conroy et 

al., 2018; Hafeman et al., 2016). In SCZ, these prodromal symptoms can be manifested as 

neurological soft signs, like decreased fine motor movements, or increased rates of affective 

symptomology like social withdrawal (Chan et al., 2018; Keshavan et al., 2011; Keshavan et al., 

2005). With the advent of neuroimaging methods, we also know that altered neural activity 

patterns accompany these prodromal symptoms in SCZ, not only in these particular behavioral 

paradigms but also in higher order cognition. In humans, there can be alterations in neural 

activity in cases where the experimental group performs behaviorally similar to controls 

(Barbour et al., 2010; Keshavan et al., 2002; Morey et al., 2005; Yaakub et al., 2013).  

Despite the neuronal degeneration that can be tracked through neuroimaging methods, it 

can be hard to detect reliable behavioral changes in populations with prodromal symptomology. 

One possible reason for unreliable or subtle behavioral effects is neural compensation, where 

activity in brain regions typically necessary for the task is increased to successfully complete the 

behavioral task or where brain regions not normally necessary to support learning for the task 

using alternative strategies are recruited. These compensatory mechanisms, while beneficial to 

the person, can hamper identification of disease states and delay diagnosis and treatment. In 

order to detect these compensatory responses, behavioral models that use different strategies 

must be developed in order to determine if the strategies shift when a brain area or circuit is 

incapacitated. Not only could these models provide a way to behaviorally identify subtle 

neurological shifts, they can also elucidate basic neurological mechanisms that mediate how 
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circuits interact with each other and how dysfunction in one circuit can affect connectivity in 

other areas. Validation of these models could provide reliable behavioral assays that can be 

implemented to predict and treat disease state onset.  

 Neural compensation 

Neural compensation has been shown in animal models within the realms of fear 

conditioning, reversal learning, and spatial learning. In fear conditioning, lesions of the 

basolateral amygdala result in impaired fear conditioning acquisition with limited training but if 

the animal receives overtraining of the tone-shock pairings it can acquire a contextual fear 

response (Maren, 1999). Likewise, repeated training can lead to contextual fear memories being 

dependent on non-hippocampal structures (Lehmann et al., 2009). Finally, pretraining dorsal 

hippocampus lesions do not affect context fear conditioning when made before training (Maren 

et al., 1997), suggesting that the individual elements that make up a configural representation are 

stored in non-hippocampal structures and are sufficient for learning. 

In reversal learning, methamphetamine exposure that results in partial dopamine loss in 

the striatum (Daberkow et al., 2008; Pastuzyn & Keefe, 2013), produces alterations in which 

brain regions showed correlations between reversal learning performance and Arc mRNA 

expression. Despite the brain-behavior correlations shifting to the nucleus accumbens shell from 

the dorsomedial striatum, reversal learning performance was unaffected between controls and 

methamphetamine-treated animals. Subsequent investigation showed that inhibiting Arc 

expression in the nucleus accumbens shell only impaired reversal learning performance in 

methamphetamine-exposed animals, showing that the brain region necessary for intact reversal 

learning shifted following methamphetamine exposure.  
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In a spatial learning task, rats learn a T-maze using a place strategy (i.e., turning based on 

location relative to cues in the room) but after extensive training rats exhibit a response strategy 

(i.e., turning left/right regardless of relative location within the room). The place strategy is 

dependent on the hippocampus whereas the response strategy is dependent on the striatum. When 

the striatum is inactivated, the rats continue to use the place strategy at both short and extensive 

training but when the hippocampus is inactivated, rats do not show a preference for either 

strategy following short training (Packard & McGaugh, 1996). Similarly, the strategy can be 

biased towards the place or response strategy regardless of training length by activating the 

hippocampus or striatum, respectively (Packard, 1999).  

 Novel devaluation task 

One particular behavioral realm where identification of compensatory responses would 

be beneficial is flexible goal-directed action, as modeled by devaluation tasks. Devaluation is 

impaired across a number of psychiatric conditions, including autism spectrum disorder (Alvares 

et al., 2016; but see Geurts & de Wit, 2014), attention deficit hyperactivity disorder (Griffiths et 

al., 2014), schizophrenia (Morris et al., 2018; Morris et al., 2015; Waltz et al., 2015), obsessive 

compulsive disorder (Gillan et al., 2014; Gillan et al., 2011; Gillan & Robbins, 2014), and there 

is mixed evidence for impairments in substance use disorder (Ersche et al., 2016; but see 

Hogarth et al., 2018; Luijten et al., 2019; Sjoerds et al., 2013), suggesting devaluation 

performance could represent a valuable way to learn about these psychiatric conditions. In 

devaluation tasks, a subject learns that a response or a cue predicts a reward. The value of the 

reward is then reduced using motivational (e.g. selective satiety) or associative (e.g. conditioned 

taste aversion) methods. Devaluation is assessed by presenting the response option or cue that 

previously led to the devalued outcome and responding for that response option or cue is 
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typically reduced in a test session. Rodent goal-directed action tasks, as modeled by devaluation, 

typically seek to isolate one behavioral strategy by having either a response or a cue predict 

reward. This approach is valuable for isolating the circuitry of one particular strategy, but this 

approach does not model the complexity of real-world settings where cues and responses, 

mediated by different circuitry, may overlap and compete for attentional resources to produce the 

same goal-directed action. Further, the reductionist approach does not allow for the study of how 

circuits mediating separate strategies flexibly and dynamically interact to appropriately allocate 

attentional resources to the cues and responses used to encode the information needed for future 

goal-directed action. Therefore, the reductionist approach is likely insensitive to detecting 

neurological compensatory responses. To address this gap in knowledge, we developed an 

innovative devaluation task that can be solved using two dissociable strategies, potentially 

mediated by different prefrontal cortex (PFC) regions. 

In our task (Fisher et al., 2017; Fisher et al., 2020, Pickens et al., 2017), rats receive two 

dissociable lever-light compounds that are associated with different food outcomes. Later, one of 

the outcomes is devalued using selective satiety and responding for the lever-light compound 

that predicts the devalued food is typically reduced. Therefore, rats can devalue using a stimulus-

outcome (S-O) strategy by attending to the distinct cuelights, likely mediated by orbitofrontal 

cortex (OFC) (Ostlund & Balleine, 2007; Rhodes & Murray, 2013; Rudebeck & Murray, 2011), 

or by using a response-outcome (R-O) strategy by attending to the spatial lever location, likely 

mediated by prelimbic cortex (PL) (Balleine & Dickinson, 1998; Corbit & Balleine, 2003; 

Coutureau et al., 2009; Killcross & Coutureau, 2003; Ostlund & Balleine, 2005; Tran-Tu-Yen et 

al., 2009), to guide future behavior. This task allows us to study how circuits supporting different 
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behavioral strategies interact to promote adaptive behavior and how circuit dysfunction can alter 

cortical signaling. 

The literature shows a dissociation between tasks that are dependent on OFC versus PL. 

In free-operant tasks (when there are no discrete cue presentations and reinforcers are associated 

with the same spatial lever location throughout training), OFC is not necessary for learning or 

performance of goal-directed action (Ostlund & Balleine, 2007; Panayi & Killcross, 2018; 

Parkes et al., 2018; but see Gremel & Costa, 2013 & Parkes et al., 2018), whereas PL is 

necessary for encoding the information necessary to guide future goal-directed action in free-

operant tasks (Balleine & Dickinson, 1998; Corbit & Balleine, 2003; Coutureau et al., 2009; 

Killcross & Coutureau, 2003; Ostlund & Balleine, 2005; Tran-Tu-Yen et al., 2009). These 

pattern of data suggest PL, but not OFC, is necessary for the formation of R-O associations. 

Conversely, OFC is necessary for the formation and performance of S-O associations when 

discrete cues signal reinforcer identity (Baxter et al., 2000; Gallagher et al., 1999; Izquierdo et 

al., 2004b; Lichtenberg et al., 2017; Ostlund & Balleine, 2007; Panayi & Killcross, 2018; 

Pickens et al., 2005; Pickens et al., 2003; Rudebeck & Murray, 2011; West et al., 2011; West et 

al., 2013b). While the cues in our task do not uniquely signal reinforcer identity, other studies 

show that OFC can be recruited when cues signal reward availability (Fiuzat et al., 2017; Rhodes 

& Murray, 2013; Zeeb & Winstanley, 2013). This suggests that our task, where the cues are 

presented in conjunction with the lever during a trial when reward is available, could recruit 

OFC. 

 Preliminary data 

 Under normal circumstances, the two strategies likely compete for attentional resources. 

However, the strategies are not equally salient because rats naturally prefer a R-O strategy in our 
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task. We determined this using a behavioral cue switching experiment during which the cuelights 

used during training were switched for half of the rats during testing (e.g. the steady cuelight that 

was above the left lever during training was over the right lever during test) to determine whether 

rats primarily devalued based on the cuelight (S-O strategy) or the spatial lever location (R-O 

strategy). The other half of the rats received a test session where the cuelights used during 

training were not switched during test (e.g., the steady cuelight that was above the left lever 

during training was over the left lever during test). Rats devalued using the spatial lever location 

instead of the cuelights, suggesting rats naturally prefer a R-O strategy in our task (Fisher et al., 

2020). We also investigated the role of OFC and PL in learning the associations needed to guide 

behavior since R-O and S-O strategies putatively rely on PL and OFC, respectively. To 

determine this, we implanted bilateral cannula over OFC or PL. Five minutes prior to the cued-

trial training sessions, we infused either a GABA agonist muscimol/baclofen cocktail (to 

temporarily inactivate the region by activating the inhibitory neurons) or phosphate-buffered 

saline in our control groups. The rats did not receive infusions prior to selective satiety or 

devaluation test, so we limited our study to how these regions potentially encode the information 

needed to guide future devaluation. We found that the OFC and PL inactivation groups devalued 

similarly to controls. While these results could suggest that OFC and PL may be necessary only 

for performance or could be not necessary for our version of the devaluation task, we 

hypothesize that these results suggest our task can model compensation between these regions. 

We suggest that rats may be able to switch between attending to either strategy depending on the 

cortical substrates that are active during training to guide future goal-directed action (Fisher et 

al., 2020).  
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While the data are still preliminary, we ran a follow-up study investigating what strategy 

the rats use to guide devaluation performance when PL is inactive. We gave rats PL or sham 

lesions prior to training. Half of the rats in each group either received the test session where the 

cuelight location was switched from the training location (Cue-Switch) or whether the cuelight 

location remained the same for training and test (Cue-Normal). We replicated our finding that 

control/non-manipulated rats use the spatial lever location to guide devaluation behavior in the 

Cue-Switch condition. In the PL lesioned rats, we found intact devaluation in the Cue-Normal 

condition based on the spatial lever location but a reverse devaluation effect in the Cue-Switch 

condition based on the spatial lever location so responding was lower on the lever below the light 

associated with the devalued food, even though this spatial lever location was associated with the 

nondevalued food. Our data show that when PL is lesioned, the rats devalue using the cuelight 

location instead of the spatial lever location (Figure 1.1A). This pattern suggests that when PL is 

lesioned, the rats are using an S-O strategy to guide devaluation behavior, perhaps because the 

cue-based S-O strategy is a better competitor with the R-O strategy. This competition then 

results in a reverse devaluation effect, based on the lever value, when the spatial lever location 

and cuelight identities are in conflict but leaves devaluation intact when the cue identity and 

lever location predict the same outcome.  

In a small subset of the Cue-Switch rats, we sacrificed animals 120 minutes after the 

beginning of the test session to quantify Fos protein expression, an early immediate gene 

indicative of neural activity. These data show that neural activity during testing, based on Fos 

expression, is increased in OFC when PL is lesioned, indicating a strategy with a different 

circuitry was used to guide devaluation behavior (Figure 1.1B). These data highly suggest our 

task can provide a way to determine how PFC circuits alter their function to compensate for 



8 

dysfunctional neural activity when other behavioral strategies are available. However, we have 

yet to confirm this possibility. Experiment 1 directly examines whether PL and OFC can 

compensate for each other in our task by lesioning PL, OFC, or both areas prior to training. 

 Role of MD in neural compensation 

The ability to switch between strategies depending on the active neural substrates 

indicates there may be a separate brain region that actively directs resources to these regions to 

influence attention allocation to one strategy over the other. We propose that MD mediates this 

adaptive ability. In nonhuman primates, MD is necessary for devaluation (Mitchell et al., 2007; 

Wicker et al., 2018). However the time-course of the involvement is unclear. Pre-training MD 

lesions impair devaluation performance (Mitchell et al., 2007) and inactivation of MD prior to 

selective satiety or the devaluation test impaired performance (Wicker et al., 2018). Therefore, it 

is unclear from these studies if MD is necessary for learning the information needed for future 

goal-directed action in nonhuman primate tasks.  

In rodents, MD only seems to be necessary when there are multiple responses to earn 

reinforcers (Corbit et al., 2003; Pickens, 2008) (but see one example where chemogenetic 

inactivation of MD did not impair devaluation performance in mice (Parnaudeau et al., 2015)), 

but not in tasks when only one response is trained (Pickens, 2008). However, a comparison of 

pre- and post-training MD lesions suggests MD is only required for encoding the information 

necessary to guide future devaluation but not for devaluation performance (in tasks where it is 

necessary at all) (Corbit et al., 2003). All together, the rodent and nonhuman primate literature 

suggest that task parameters, species differences, and/or type of MD manipulation may affect 

when MD is recruited during devaluation tasks. Despite these mixed findings, we have shown 

that pre-training inactivation of MD with a muscimol/baclofen cocktail impairs future 
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devaluation, suggesting MD is necessary to encode the information used for future devaluation in 

our task (Fisher et al., 2020). While our findings do not clarify the literature differences, they do 

provide evidence that MD is recruited during the training phase of our task.   

We propose that MD modulates PFC connectivity such that, when PL or OFC activity is 

disrupted, MD is able to direct attentional resources to the brain region that remains active to 

encode the information needed for future goal-directed action. MD is part of the human salience 

network. Along with MD, the major nodes of the salience network are the anterior cingulate 

cortex and the insula with lesser nodes including the nucleus accumbens, substantia nigra, 

ventral tegmental area, amygdala, and hypothalamus (Menon & Uddin, 2010; Peters et al., 2016; 

Seeley et al., 2007). This network of brain structures is important for detecting salient events and 

directing attention (Menon & Uddin, 2010; Peters et al., 2016; Seeley et al., 2007). In addition, 

MD is a higher-order thalamic nucleus that is reciprocally connected to PL and OFC (Alcaraz et 

al., 2016; Groenewegen, 1988) and is proposed to relay salience information to the executive and 

default-mode networks to modulate attention and aid in task engagement (Bolkan et al., 2017; 

Rikhye, Gilra, et al., 2018; Rikhye, Wimmer, et al., 2018; Schmitt et al., 2017; Seeley et al., 

2007). This attentional modulation would represent a highly adaptive function, as decreasing 

attention to learning a less salient or predictive strategy is more efficient than splitting attention 

between two strategies. Furthermore, this would represent a mechanism for how a neural 

compensation could occur if one of the PFC areas is degenerating due to disease or injury.  

 Thalamocortical projections modulate attention and compensation  

I hypothesis that MD modulates information flow to PFC through feedback loops from 

PL and OFC. Thus, when MD loses feedback input from the PL, it increases activity to OFC. 

Analysis of the neuronal composition of the thalamus reveals that there are two main classes of 
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neurons: drivers and modulators, as Sherman and Guillery refer to them (Sherman & Guillery, 

2013). Driver neurons are aptly named as they comprise a small percentage of the neurons in 

thalamocortical (TC) or corticothalamic (CT) pathways and “drive” neural activity. These 

neurons synapse onto ionotropic receptors whereas modulating neurons synapse onto 

metabotropic receptors and therefore produce more long-term changes in neuronal activity 

(Sherman & Guillery, 2013). In working memory tasks, evidence indicates CT pathways convey 

specific task rule-related information, suggesting this pathway is made up of driver neurons. 

Conversely, thalamocortical (TC) neurons do not convey task-specific information, suggesting 

this pathway is made up of modulator neurons (Bolkan et al., 2017; Schmitt et al., 2017). Despite 

sending nonspecific information, increasing TC activity increases performance whereas 

decreasing TC activity impairs working memory performance in a spatial delay non-match to 

sample T-maze task (Bolkan et al., 2017) and a two-alternative forced choice test (Schmitt et al., 

2017). TC neurons (e.g., MD->PL) are proposed to have their effects by increasing bidirectional 

activity between MD and PL which results in increased attention and performance (Bolkan et al., 

2017; Parnaudeau et al., 2018; Rikhye, Gilra, et al., 2018; Schmitt et al., 2017). While no one has 

directly tested the relationship between MD and OFC and S-O associations, MD and OFC are 

both implicated as necessary for updating associations in reversal learning tasks (Izquierdo, 

2017; Izquierdo et al., 2016; Wolff & Vann, 2019), and one review proposes that MD->OFC 

may support and stabilize the representations necessary for reversal learning (Parnaudeau et al., 

2018). We suggest a mirrored system in reward processing such that TC connections modulate 

attentional value assigned to S-O (MD->OFC) and R-O (MD->PL) strategies used to guide 

future devaluation performance. We propose the associative strength of the strategy would 

depend on TC modulatory connections between MD->OFC and MD->PL pathways instead of 
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relying on CT input, which may relay representations of the outcomes. There is some indirect 

evidence for a different role for TC pathways in goal-directed action. Selective PL->MD 

inactivation using DREADDs strongly impairs devaluation while MD->PL inactivation produces 

a weak devaluation effect (Alcaraz et al., 2018). Although that study did not directly measure 

neural activity, the weak devaluation effect is suggestive of a different role for MD->PL 

pathways in devaluation compared to the PL->MD pathways, perhaps a modulatory role more 

similar to working memory tasks.  

Under normal circumstances, we propose MD increases attentional resources to PL 

across training and reduces excitatory input to OFC to promote the R-O strategy. Our data 

showing no effect of OFC and PL training inactivation on later devaluation (Fisher et al., 2020) 

and our pilot data showing a reverse devaluation effect (exhibiting devaluation based on the 

cues) in PL lesioned rats when the cues are switched during test, but intact devaluation when the 

cues are congruent between training and test, suggests these attentional resources are likely 

directed depending task demands and cortical availability. Our pilot neural data also support this 

idea. We believe this pattern of data emerges because, when PL is inactivated or lesioned, the 

thalamus loses input from PL via the CT pathways which subsequently decreases TC 

connectivity. We suggest that we see no effect of PL inactivation or lesion on devaluation when 

the test cues are congruent with training because, when PL is inactivated or lesioned, MD->OFC 

connectivity is increased during training to compensate for the loss of PL CT input. The 

increased connectivity results in more attentional resources directed to learning the S-O strategy 

to compensate for the loss of PL, which results in accurate devaluation performance only when 

the cues predict the same outcome as the spatial lever location. In Experiment 2, I measured 

neural activity following the last day of training, using Arc expression, in MD->OFC neurons 
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when PL is lesioned or not to determine whether MD may facilitate compensation by increasing 

neural activation in OFC projecting neurons when PL is damaged.  

The last day of training was chosen to ensure that learning had taken place and maximize 

the likelihood of finding effects. If our hypothesis about MD increasing attentional resources 

based on task demands and cortical availability is correct, than examining neural activity during 

the last training session maximizes the likelihood that (1) MD is recruited in the learning process 

and (2) neural activity is increased in MD->OFC and OFC when PL is lesioned.  

(1) As mentioned, at least in rats, MD is only necessary for learning the information 

needed to guide future goal-directed action, not for performance (Corbit et al., 2003) and for 

tasks where multiple responses earn reinforcers (Pickens, 2008). Thus, it is highly unlikely that 

assessing neural activity during the test session would reveal how MD may modulate attentional 

resources as MD would likely not be recruited (but see (Wicker et al., 2018) for an example of 

MD being necessary for devaluation performance in nonhuman primates). Furthermore, 

assessing activity during the test session would not show what happened during the learning 

phase. Differences in test activity would suggest changes while training occurred (according to 

some models of learning) but would not definitively show this as some models of learning 

suggest that simultaneously presented stimuli are learned at the same rate but differences seen in 

performance are due to stimuli comparisons that occur during performance, not learning (Miller 

& Matzel, 1988). In our task, each lever-light-pellet combination is trained separately across the 

four training sessions (2 sessions with each lever-light-pellet combination). Based on these 

previous studies, it is possible that MD does not become recruited until the second training 

session as this is when the second R-O association is presented. However, as the previous studies 

only used a free-operant (Corbit et al., 2003) task or a combination of S-O or R-O associations 
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presented separately (Pickens, 2008), it is unclear how MD may be recruited when there is 

attentional competition between two PFC regions, as is possibly occurring in our task where the 

cuelight (potentially recruiting OFC) and the spatial lever location (potentially recruiting PL) are 

presented simultaneously.  

(2) Our criteria for PL lesion criteria was 60% damage or greater (see Methods for more 

details) and none of the lesions represented 100% damage. Thus, as our lesions left some of PL 

intact, it is likely that some of the PL->MD driver neurons were spared. It is unclear how big of 

an effect these spared driver connections would have on MD->PL function and the potential shift 

to increases in MD->OFC modulator connections. In order to allow for OFC, MD->OFC, and 

OFC->MD neuronal activity to outcompete PL and PL’s bidirectional connections with MD, we 

decided to measure neural activity following the last training session when each lever-light -

pellet combination had two sessions as opposed to the first session when the competition may 

not have fully occurred yet.  

We decided to use the early immediate gene, activity-regulated cytoskeletal (Arc), for a 

few reasons. Unlike some early immediate genes, like c-Fos where the exact function is unclear, 

Arc has a well-characterized role in learning and memory (Gallo et al., 2018; Minatohara et al., 

2015; Shepherd & Bear, 2011). The gene codes for a synaptic protein and is involved in the 

formation of new synapses and the maintenance of old synapses through mechanisms such as 

long-term potentiation (LTP) (Shepherd et al., 2006; Steward et al., 1998; Steward & Worley, 

2001; Wang et al., 2016) and long-term depression (LTD) (Jakkamsetti et al., 2013; Park et al., 

2008; Shepherd et al., 2006; Waung et al., 2008; Wilkerson et al., 2018). Additionally, Arc 

expression is necessary for long-term memory consolidation, such that blocking Arc expression 

impairs memory consolidation (Cao et al., 2015; McReynolds et al., 2014; Miranda et al., 2017; 
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Plath et al., 2006) and facilitating Arc expression aids consolidation of weak memories (Martinez 

et al., 2012). Furthermore, one study suggests that Arc expression may prime neurons to exhibit 

LTD or LTP based on initial activation so neurons that are weakly activated (e.g., a weak 

competitor – potentially like the cue-based strategy) may be primed for LTD. In contrast, 

strongly activated neurons (e.g., a strong competitor – potentially the spatial lever location 

strategy) are primed for LTP and retain their strong activation across training (Cao et al., 2015). 

Importantly, unpublished data from our lab show that a commonly used early immediate gene 

used in learning and memory studies, c-Fos, shows poor expression in MD. Arc, however, shows 

robust expression in MD, making it a better candidate to identify potential changes in early 

immediate gene expression (and indirectly, neural activity) in MD.   

 Hypotheses 

 Overall, we hypothesized that OFC and PL compensate for each other in our devaluation 

task and this compensation is made possible through connections with MD.  

 Experiment 1. Experiment 1 established the extent to which OFC and PL compensate for 

each other and whether these areas play a role in devaluation performance. Our overarching 

hypothesis was that the parameters of our devaluation procedure allow for rats to use either a PL-

mediated or OFC-mediated strategy to successfully exhibit devaluation. As such, we believed the 

lack of PL and OFC effects we observed occurs because the brain area that was active during 

training is able to compensate for the inactivation of the other area (e.g. an OFC-mediated 

strategy was used when PL was inactivated). However, OFC and PL inactivation during training 

may not have impaired devaluation because neither area is involved in initial learning or these 

areas are only necessary for devaluation performance when the areas were active again. In order 

to test our hypotheses, we lesioned OFC, PL, or both OFC and PL combined (OFC+PL). This 
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methodology assessed whether OFC and PL compensate for each other in our task.  We 

predicted (1) rats with sham lesions would show intact devaluation, (2) rats with OFC or PL 

lesions alone would show intact devaluation, and (3) rats with OFC+PL lesions would show 

impaired devaluation.   

Experiment 2. Experiment 2 determined how functional activation patterns of 

MD->OFC projections change when attentional competition is removed during training by 

lesioning PL. We infused cholera-toxin b (CTb) into OFC in rats with or without PL lesions. 

CTb was taken up by the terminals in the OFC and transported back to the cell body. Therefore, 

any neurons that project to OFC were tagged with CTb. On the last session of training, brains 

were extracted to measure Arc at a time point that reflects neuronal activity during training. 

Therefore, areas with higher amounts of Arc protein are indicative of more activation and 

represent an indirect measure of neural activity. Double-labeling of a neuron for Arc and CTb 

indicates that the neuron projects to OFC and was active during the task. We predicted there will 

be (1) more Arc+ neurons in OFC, (2) no difference in Arc+ neurons in MD, and (3) a higher 

ratio of double-labeled CTb+Arc neurons in MD when PL is lesioned, suggesting that MD shifts 

attentional resources to OFC such that a S-O strategy is used to learn the contingencies needed 

for later devaluation when PL is damaged.  
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Figure 1.1. (A) Devaluation effect for the rats (6-10/grp – verified histology) that received PL or 

Sham pretraining lesions prior to receiving the Cue Switch or Cue Normal devaluation 

procedure. White bars = Nondevalued lever.  Black bars = Devalued lever.  NonDev = 

Nondevalued.  Dev = Devalued. (B) Number of Fos+ neurons during devaluation performance in 

the lateral OFC following pretraining PL (n = 3) or Sham (n = 2) lesions. White bar = Sham. 

Black bar = Prelimbic cortex lesion. PL = Prelimbic cortex. 
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Chapter 2 - Methods 

 Subjects 

Male and female naïve Long Evans rats (n = 79) bred in-house from parents from Charles 

River were used for all experiments. Group sizes for Exp. 1 were determined using power 

analyses (G*Power 3.1) using previous data to obtain statistically significant results at the p < 

.05 level (assuming effect sizes of ~.3 (Fisher et al., 2020) for Exp 1 or ~1.4 (unpublished data) 

for Exp 2 and an observed power of .80) with an estimated 75% surgical hit rate. Based on this 

analysis we required 12 rats per group for Exp. 1 and 10 rats per group for Exp. 2. Previous 

research in our lab found no sex differences in devaluation (Fisher et al., 2020), which is why we 

will use mixed-sex groups for all experiments. All animals were individually housed after 

surgery and maintained on a 12-hour reverse light-dark cycle (lights off at 7:00 AM) in a 

temperature and humidity controlled room.  

The animals were free fed until they reached the surgery weight threshold (295 g for 

males and 215 g for females) and then received surgery. They remained on free feed for at least 

three days following surgery and until their weights met the pre-surgery weight threshold. They 

were then food-restricted to 85% of their free-feeding weight by daily feedings with a minimum 

of 5 g of food chow per day. Once rats reached their 85% target weights, the target body weight 

increased by 1 g/day for males or 0.25 g/day for females for the remainder of the experiment, 

such that the rats’ target weights gradually increase by 7 g/week or 1.75 g/week. These values 

were based on unpublished data from our lab showing that this food restriction protocol 

maintains high rates of lever pressing for the duration of the experiment. Increases in target body 

weight for females is lower than the increases for males due to unpublished data from our lab 

that showed allowing females to gain more weight led to decreased lever pressing rats every 4-5 
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days. As these artificial decreases in lever press rates interfere with data integrity, males and 

females were allowed to gain weight at different rates.  The rats were fed to maintain them at 

their target weights and water was available ad libitum. All procedures and animal care were in 

accordance with the Kansas State University Institutional Animal Care and Use Committee 

guidelines, the National Institutes of Health Guidelines for the Care and Use of Laboratory 

Animals, and United States federal law. 

 Behavioral apparatus 

Experiments were conducted in 12 standard self-administration chambers (Med 

Associates, St. Albans, VT). Each chamber is equipped with a pellet dispenser that delivers a 45-

mg precision pellet (catalog #1811155; TestDiet, Richmond, IN), a 45-mg chocolate-flavored 

sucrose pellet (product #1811256; TestDiet, Richmond, IN), or a 45-mg grain pellet (catalog 

#1812127; TestDiet, Richmond, IN). The identity of the pellet dispensed is dependent on the task 

phase. The chambers have two retractable levers on either side of the food cup at approximately 

one third of the total height of the chamber, with a white cuelight located above each lever. A red 

houselight is mounted on the top-center of the back wall. A speaker for delivering auditory 

stimuli is located on the left side of the back wall of the chambers, on the opposite wall from the 

food cup. A Dell Optiplex computer, equipped with Med-PC for Windows, controls the 

equipment and records lever-presses.  

 General surgical methods 

Rats underwent surgery for all experiments. Animals were anesthetized with 3-5% 

isoflurane in an induction chamber and then placed in a stereotaxic device (Kopf Instruments, 

Tujunga, CA) and maintained on 1-3% isoflurane for the duration of the surgery. Once the skull 

was exposed, bregma was used to determine injection placement, for which holes were burred 
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with a drill. All infusions (described below for each individual experiment) were at a rate of 0.1 

µl/min. Following the infusion, the needle was left in place for 5-7 min to allow for diffusion. 

After the needle was removed, the incision was closed with wound clips and triple antibiotic 

ointment was applied. Animals were given 1 mg/kg flunixin (Norbrook, Overland Park, KS) 

subcutaneously upon completion of surgery and 24-h later during the post-op health check. 

 Devaluation task 

Training (Experiments 1-2). After at least a 10-day recovery period, rats received 3 

magazine training sessions, one with each pellet type. Then, they received 4 lever press training 

sessions (2 with each lever) on a fixed-interval-1 schedule earning grain pellets with no cuelights 

present. Here, lever presses could earn a reward with a press every one second. Grain pellets and 

no cuelights were used to prevent the formation of R-O and S-O associations that could be used 

to guide behavior prior to cued-trial training sessions. Next the rats received 4 once-daily cued-

trial operant training sessions, two sessions for each cue-lever-reinforcer combination. Only one 

cue-lever-pellet compound was available during a session. Throughout training, left-lever presses 

earned precision pellets and were always associated with a steady cuelight. Right-lever presses 

earned chocolate pellets and were always associated with a flashing cuelight. Every cued-trial 

training session was 40 min long with 40 trials. All trials were 40 sec long and rats could earn up 

to two pellets per trial for lever-pressing, one in the first half and one in the second half of the 

trial at randomized times. During the inter-trial interval, the levers retracted and the cuelights 

turned off. 

Devaluation Choice Test (Experiment 1 only). Following cued trial training, a choice 

test was administered. In the operant chambers, rats received a 1-hr satiation session with access 

to 30g of either chocolate or precision pellets (counterbalanced) presented in ceramic bowls. 
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Fifteen minutes after the satiation period, rats received a 12-min choice test with twelve 40-sec 

trials. During each trial, both levers with the associated cuelights were presented and responding 

was measured. The cuelights above the levers were in the same position as during training. 

Responding should be decreased for the cue-lever compound that earns the devalued reinforcer if 

rats devalue properly. Lever presses did not earn pellets to ensure the rats used their memory 

representations of the cue-lever combinations to guide behavior. Next, rats received two cued-

trial training sessions, one with each lever-cue-food compound, to return lever pressing rates to 

baseline. Rats then completed another choice test with the opposite pellet devalued during the 

satiation period.   

Devaluation Consumption Test (Experiment 1 only). Finally, at least one day after the 

final choice test, animals in Experiment 1 completed 2 consumption tests. Each consumption test 

included a 60-min satiation period for one of the two pellet types (counterbalanced across 

group), identical to the satiation periods that preceded the choice tests. Fifteen minutes following 

the end of the satiation period, the animals had access to two ceramic bowls in the operant 

chambers. One bowl contained 10g of precision pellets and the other bowl contained 10g 

chocolate pellets. The consumption test lasted 10 min. After completion of the test, the 

remaining pellets were sorted by type and weighed to determine consumption. Animals received 

at least one day off after the first consumption test before completing the second consumption 

test identical to the first, except that animals were sated on the opposite pellet type as in the first 

consumption test. 

 Individual experiments 

Experiment 1 (Figure 2.1). Male and female rats (n = 59; 12-20/group; Table 2.1) 

received neurotoxic lesions and/or sham lesions of PL and OFC. There were four surgical 



21 

groups: PL (13 rats; 6 male, 7 female), OFC (14 rats; 7 male, 7 female), OFC+PL (20 rats; 10 

males, 10 females), and Sham (12 rats; 6 males, 6 females). The PL and OFC groups received a 

bilateral lesion of PL or OFC, respectively. The OFC+PL group received two bilateral lesions: a 

bilateral OFC lesion and a bilateral PL lesion. All excitotoxic lesions were created by infusing 

0.4 µl (OFC) of 20 mg/ml NMDA and/or 0.3 µl (PL) of 10 mg/ml NMDA in phosphate-buffered 

saline (PBS). The Sham group received infusions of PBS to OFC and PL. Single lesion groups 

also received an infusion of PBS (0.4 µl or 0.3 µl) into the non-lesioned area. The OFC infusion 

was at the following coordinates relative to bregma: anterior-posterior (AP): +3.5 mm, medial-

lateral (ML): +3.3 mm, dorsal-ventral (DV): -5.4 mm. The PL infusion was at the following 

coordinates relative to bregma: AP: +3.2 mm, ML: +0.7 mm, DV: -3.6 mm. Following surgery, 

the rats began cued-trial training, and then completed devaluation choice tests and devaluation 

consumption tests as described above.  

Experiment 2. Male and female rats (n = 20; 8-12/group; Table 2.2) received neurotoxic 

lesions or sham lesions of PL. Rats in the PL lesion group (12 rats; 6 males, 6 females) received 

bilateral infusions of 0.3 µl of 10 mg/ml NMDA. Rats in the PL sham group 8 rats; 3 males, 5 

females) received infusions of 0.3 µl of PBS. In addition, all rats in both groups received a 

unilateral, side counter-balanced, 0.2 µl infusion of 1% CTb conjugated with Alexa Fluor 488 in 

PBS in OFC (Marchant et al., 2016). The OFC infusion was at the following coordinates relative 

to bregma: AP: +3.5 mm, ML: +3.3 mm, DV: -5.4 mm. The PL infusion was at the following 

coordinates relative to bregma: AP: +3.2 mm, ML: +0.7 mm, DV: -3.6 mm. Following surgery, 

the rats began cued-trial training at least 3 weeks later to allow for retrograde transport and were 

perfused 75 min following the start of the last session of training to optimize Arc expression 

(Lonergan et al., 2010). 
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 Histological Procedures 

Perfusions. 75 minutes following the beginning of the last session of training 

(Experiment 2) or after the completion of behavioral testing (Experiment 1), the rats were deeply 

anesthetized with pentobarbital and perfused with 100 ml of 0.1-M PBS followed by 400-500 ml 

of 4% paraformaldehyde (PFA). The interval between the behavioral session and training was 

determined in order to maximize Arc expression (Lonergan et al., 2010). The brains were 

removed, post-fixed in PFA for 2 hr, and stored in 0.1-M PBS with 30% (w/v) sucrose for 48-72 

hr until dehydrated. Sections (40-μm) were taken from each brain using a cryostat, and every 

section was collected. 

Experiment 1 and 2. Every 3rd (Exp. 1) or 4th (Exp. 2) brain section was mounted and 

Nissl stained using thionin.  Lesions were verified using a light microscope (model BX41, 

Olympus) and SPOT 5.1 Advanced Software. Only rats with bilateral lesions with 60% or more 

damage of the target area on a section were included in the data analyses.   

Experiment 2. Immunohistochemistry (IHC) using an immunofluorescence method was 

performed to label for Arc and CTb (Experiment 2) by adapting the IHC procedure used by 

Marchant and colleagues (Marchant et al., 2010).  

The tissue was gently agitated on a plate shaker throughout. First, the free-floating tissue 

was washed repeatedly with 0.1-M PBS (pH 7.4). The sections were blocked for 1 hr with 10% 

normal horse serum (NHS), 0.5% Triton-X, and 5% bovine serum albumin (BSA) in PBS and 

incubated at room temperature for 48 hr in rabbit anti-Arg 3.1 (1:4,000; Cell Signaling) and goat 

anti-CTb (1:5,000; ListLabs) diluted with 10% NHS, 0.5% Triton-X, 5% BSA, and 0.1% sodium 

azide in PBS. After three PBS rinses, sections incubated for 6 hr at room temperature in donkey 

anti-rabbit Alexa Fluor 594 (1:200) and donkey anti-goat Alexa Fluor 488 (1:200) diluted with 
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10% NHS, 0.5% Triton-X, and 5% BSA in PBS. The tissue was rinsed in PBS and incubated for 

10 min at room temperature in DAPI (1:25,000) in PBS. The tissue was rinsed twice for 1 min 

each and then stored in PBS at 4°C until they were mounted on charged slides and coverslipped 

with mounting medium (90% glycerol and 0.5% n-propyl gallate in 20mM Tris, pH 8.0). 

Uniform stitched images (Zeiss 700) at 40X magnification for each area at the following 

coordinates, relative to bregma, were used for the analyses: OFC (+4.2), and MD (-2.9). 

 Statistical analyses 

For the behavioral data, multilevel poisson regressions were run with a log link function 

on the number of lever presses (Training and Testing) and the number of rewards earned 

(Training). The best fitting models were chosen via model comparisons that employed the 

Akaike Information Criterion (AIC), which took into account the number of parameters entered 

into the model and penalized more complex models (Kuha, 2004). For neurological analyses, the 

dependent variable was the number of Arc+ neurons in OFC and MD or total number of 

CTb+Arc neurons divided by the total number of CTb+ neurons in MD.  

Experiment 1. For the training data, possible predictors included the between-subjects 

variables PL (Sham, PL) and OFC (Sham, OFC) and the within-subjects variables Training Day 

(Day 1, Day 2, Retrain) and Pellet Type (Precision, Chocolate). The random effects structure 

included Subject, Training Day, and Pellet Type. For the test data, possible predictors included 

the between-subjects variables PL (Sham, PL) and OFC (Sham, OFC) and the within-subjects 

variables Lever (Nondev, Dev) and Trial. The random effects structure included Subject, Lever, 

and Trial. Planned comparisons were run for significant interactions including PL and OFC using 

Type I Sums of Squares.  
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Experiment 2. The training data included the possible predictors: PL (Sham, PL), 

Training Day (Day 1, Day 2, Retrain), and Pellet Type (Precision, Chocolate). Planned 

comparisons were run for significant interactions including PL and OFC using Type I Sums of 

Squares.  The neurological data were analyzed with a Student’s independent samples t-test with 

the variable Group (PL, Sham) on the ratio of double-labeled CTb+Arc neurons to the number of 

CTb+ neurons in MD or on the number of Arc+ neurons in each MD and OFC.  

All data were analyzed with R (R 3. 3. 1). Significant interactions (p < 0.05) of the 

highest order with the variables PL and OFC (Exp. 1) or PL (Exp. 2) were followed by planned 

comparisons using emmeans for interactions with only categorical variables or emtrends for 

interactions with a continuous variable.  

 

Figure 2.1.  Schematic of our devaluation task procedure for Experiment 1.  The top panel 

represents the three task phases: cued-trial training, satiation period, and choice test.  The rats 

received four days of cued-trial training, two with each light-lever-pellet combination (steady-

left-precision or flashing-right-chocolate).  The rats are selectively sated on one of the pellets and 
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then received a choice test where both light-lever compounds are simultaneously presented but 

lever presses do not earn food.  Not pictured: two days cued-trial retraining or the second 

satiation and choice test.  The bottom panel represents the possible patterns of data for intact and 

impaired devaluation responding as a function of the pellet type devalued during the satiation 

period.  On the top panel: Blue background represents precision pellets.  Pink background 

represents chocolate pellets.  On the bottom panel: Blue bowls represent sated on precision 

pellets.  Pink bowls represent sated on chocolate pellets.  White bars = Nondevalued lever.  

Black bars = Devalued lever.  NonDev = Nondevalued.  Dev = Devalued. 

 

Table 2.1.  Summary of surgical groups for Experiment 1. 

  PL 

  Sham Lesion 

OFC 

Sham 

Shamo+Shamp 

(Sham) 

(n = 12) 

PL+Shamo 

(PL) 

(n = 9) 

Lesion 

OFC+Shamp 

(OFC) 

(n = 13) 

OFC+PL 

(OFC+PL) 

(n = 10) 

Note.  Table represents the infusions each of the four surgical groups received that were included 

in the study. Each group received two infusions, one into the orbitofrontal cortex (OFC) and one 

into the prelimbic cortex (PL).  Shamo represents rats that received an OFC sham lesion by 

infusing PBS into OFC. Shamp represents rats that received a PL sham lesion by infusing PBS 

into PL. PL represents rats that received a PL lesion by infusing NMDA into PL. OFC represents 

rats that received an OFC lesion by infusing NMDA into OFC. Parenthetical represents the 

group abbreviation used throughout the proposal and group sizes. 

 

Table 2.2.  Summary of surgical groups for Experiment 2. 

 PL 

 Sham Lesion 

CTb 
Sham 

(n = 9) 

PL 

(n = 7) 

Note.  Table represents the infusions each of the two surgical groups received that were included 

in the study. Sham represents rats that received a PL sham lesion by infusing PBS into PL. PL 

represents rats that received a PL lesion by infusing NMDA into PL. 
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Chapter 3 - Results 

 Experiment 1 

 Histological exclusions. For both PL and OFC, lesions had to damage at least 60% of the 

region. Based on these criteria, 15 rats (1 Male-OFC, 2 Male-PL, 2 Female-PL, 5 Male-

OFC+PL, 5 Female-OFC+PL) were excluded. The final group sizes in Experiment 1 were as 

follows: OFC, n = 13 (6 Males, 7 Females); PL, n = 9 (4 Males, 5 Females); OFC+PL, n = 10 (5 

Males, 5 Females); and Sham, n = 12 (6 Males, 6 Females).   

 Training. The Sham, OFC, and PL groups increased responding for both pellet types 

across the training days whereas the OFC+PL group maintained responding for precision pellets 

across training and decreased responding for chocolate pellets across training (Figure 3.1). A 

multilevel Poisson regression was used to analyze the data. Comparing AICs, the best fitting 

model (AIC = 7821.4) was about 300 points better than the next best model (AIC = 8130.8). The 

best fitting model included OFC × PL × Pellet × Day and all lower effects. Intercept, Pellet, and 

Day were added as random effects. There was significant OFC × PL × Pellet × Day interaction (b 

= -0.03, z = -7.81, p < 0.01). Other lower level effects are shown in Table 3. The OFC × PL × 

Pellet × Day interaction revealed that for the chocolate pellet type, the Sham (z = 6.92, p < .01), 

PL (z = 6.78, p < .01), and OFC (z = 5.83, p < .01) all increased responses across the training 

days whereas the OFC+PL group decreased responses (z = -2.77, p < .01). For the precision 

pellet type, the Sham (z = 9.15, p < .01), PL (z = 4.34, p < .01), and OFC (z = 4.83, p < .01) all 

increased responses across the training days whereas the OFC+PL group maintained responding 

(z = -1.55, p = .12). 

The number of rewards earned increased across the training days but there were no group 

differences in this effect (Figure 3.2). A multilevel Poisson regression was used to analyze the 
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data. We used the same model structure as that used for the number of responses which included 

OFC × PL × Pellet × Day and all lower effects. Intercept, Pellet, and Day were added as random 

effects. There was a significant main effect of Day (b = 0.04, z = 5.00, p < 0.01). No other effects 

or interactions were significant (all p > .05; Table 4). 

 Devaluation test.  The Sham, OFC, and PL groups made more responses on the 

nondevalued lever compared to the devalued lever, indicative of a devaluation effect, but the 

OFC+PL group did not (Figure 3.3). A multilevel Poisson regression was used to analyze the 

data. Comparing AICs, the best fitting model (AIC = 4810.90) was about 55 points better than 

the next best model (AIC = 4866.0). The best fitting model included OFC × PL × Lever × Trial 

and all lower effects. Intercept, Lever, and Trial were added as random effects. There was a 

significant OFC × PL × Lever interaction (b = -0.07, z = -3.54, p < 0.01) and a significant OFC × 

PL × Trial interaction (b = 0.03, z = 2.21, p = 0.03). Other lower level effects are shown in Table 

5. The OFC × PL × Lever interaction revealed that the Sham (z = 4.70, p < 0.01), OFC (z = 5.54, 

p < 0.01), and PL (z = 3.48, p < 0.01) groups responded on the nondevalued lever significantly 

more than the devalued lever while the OFC+PL group (z = -1.59, p = 0.11) did not. The OFC × 

PL × Trial interaction revealed that the OFC+PL (z = -5.08, p < 0.01) and PL (z = -7.02, p < 0.01) 

groups decreased responding, averaged across the levers, across the trials but the OFC (z = -1.05, 

p = 0.29) and Sham (z = 0.217, p = 0.82) groups did not.  

 Consumption test. The rats ate significantly more of the pellet type they were not sated 

on (i.e. the nondevalued pellet type) regardless of what group they were in (Figure 3.4). A 

multilevel Gaussian regression was used to analyze the data. The model structure included OFC 

× PL × Satiation and all lower effects. Intercept and Satiation were added as random effects. 

There was a significant effect of Satiation (b = 0.55, t = 4.01, p < 0.01). There was no significant 
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interaction of OFC × PL × Satiation (b = -0.11, t = -0.81, p = 0.42). No other effects or 

interactions were significant (p > 0.05; Table 6). The rats ate more of the nondevalued pellet type 

(M = 2.97, SE = 0.21) compared to the devalued pellet type (M = 1.83, SE = 0.16).  

 Experiment 2 

Histological exclusions. For PL, lesions had to damage at least 60% of the region. Based 

on these criteria, 4 rats (1 Female, 3 Males) were excluded. In addition, 1 Sham Male was 

excluded due to extensive cortical damage that was not the result of the brain extraction. The 

final group sizes in Experiment 1 were as follows: PL, n = 9 (4 Males, 5 Females); Sham, n = 7 

(2 Males, 5 Females).   

 Training. PL lesioned rats increased responding for the precision pellet across the two 

training days while the Sham rats did not. Both groups pressed more for the precision pellet 

compared to the chocolate pellet (Figure 3.5). A multilevel Poisson regression was used to 

analyze the data. Comparing AICs, the best fitting model (AIC = 965.2) was about 2 points 

better than the next best model (AIC = 968.5). The best fitting model included PL × Pellet × Day 

and all lower effects. The next best model included PL × Pellet, Pellet × Day, and all lower 

effects. We chose to use the best fitting model that was more complex because it was more 

similar to the model for the training data in Experiment 1. In addition, we wanted to use the same 

model structure to analyze Responses and Rewards Earned and the more complex model 

performed substantially better than the less complex model. The PL × Pellet × Day interaction 

revealed that PL lesioned rats increased responding for precision pellets across the training days 

(z = 3.61, p < 0.01) but not the chocolate pellet type (z = -1.17, p = 0.24). The Sham group did 

not alter lever pressing rats across days for either the precision (z = 1.17, p = 0.24) or the 

chocolate (z = -1.41, p = 0.15) pellet type. The PL (z = 10.92, p < 0.01) and Sham (z = 5.31, p < 
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0.01) groups both responded more for the precision pellet type than the chocolate pellet type. No 

other effects including PL were significant. Other lower level effects are shown in Table 7.  

The number of rewards earned did not differ across any variable (Figure 3.6). A 

multilevel Poisson regression was used to analyze the data. When we examined model fits for the 

model analyzing Rewards Earned, the PL × Pellet × Day and all lower effects model structure 

had a substantially lower AIC than the PL × Pellet, Pellet × Day, and all lower effects model. We 

used the same model structure as that used for the number of responses which included PL × 

Pellet × Day and all lower effects. Intercept, Pellet, and Day were added as random effects. There 

were no significant effects or interactions of any variable (all p > .05; Table 8).  

 Neurological analyses. Student’s independent two samples t-tests were used to analyze 

the overall number of Arc+ neurons in MD and OFC or the percentage of CTb+ neurons that 

were also Arc-positive in MD. While the numbers of Arc+ cells in MD were not different 

between the PL lesioned rats (M = 335.06, SE = 44.44) compared to Sham rats (M = 271.86, SE 

= 28.96), t(14) = 1.11, p = .28 (Figure 3.7), there were more Arc+ neurons in the lateral OFC in 

PL lesioned rats (M = 197.94, SE = 8.84) compared to Sham rats (M = 144.86, SE = 11.45), t(14) 

= 3.74, p < .01 (Figure 8). There was a higher percentage of overlap between Arc+ and CTb+ 

neurons in the PL lesioned group (M = 84.62 SE = 2.63) compared to the Sham group (M = 

56.09, SE = 7.44), t(14) = 3.98, p < .01 (Figure 3.8).  
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Figure 3.1.  (A) Lever presses/session (mean + SEM) made during training for the rats that 

received OFC, PL, OFC+PL, or Sham pretraining lesions over the course of three training days, 

collapsed across pellet type. (B) Lever presses/session (mean + SEM) made during training for 

the rats that received OFC, PL, OFC+PL, or Sham pretraining lesions over the course of three 

training days for Precision (Left) or Chocolate (Right) pellet types.  Black squares represent rats 

that received OFC+PL lesions. Black diamonds represent rats that received PL lesions. Black 

Triangles represent rats that received OFC lesions. White circles represent rats that received 

Sham lesions. T1 and T2 represent the first and second day of cued trial training for each pellet 

type and Ret represents the retraining day for each pellet type (averaged across the first, second 

and retraining day for each pellet in A and presented separately for each pellet on in B) 
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Figure 3.2.  (A) Rewards Earned/session (mean + SEM) made during training for the rats that 

received OFC, PL, OFC+PL, or Sham pretraining lesions over the course of three training days, 

collapsed across pellet type. (B) Rewards Earned/session (mean + SEM) made during training 

for the rats that received OFC, PL, OFC+PL, or Sham pretraining lesions over the course of three 

training days for Precision (Left) or Chocolate (Right) pellet types.  Black squares represent rats 

that received OFC+PL lesions. Black diamonds represent rats that received PL lesions. Black 

Triangles represent rats that received OFC lesions. White circles represent rats that received 

Sham lesions. T1 and T2 represent the first and second day of cued trial training for each pellet 

type and Ret represents the retraining day for each pellet type (averaged across the first, second 

and retraining day for each pellet in A and presented separately for each pellet on in B). 
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Figure 3.3.  (A) Lever Presses/trial (mean + SEM) made during the devaluation choice test for 

the rats that received OFC, PL, OFC+PL, or Sham pretraining lesions averaged across trials. 

White bars represent responding on the lever associated with the nondevalued outcome. Black 

bars represent responding on the lever associated with the devalued outcome. (B) Lever 

Presses/trial (mean + SEM) made during the devaluation choice test for the rats that received 

OFC, PL, OFC+PL, or Sham pretraining lesions averaged across levers. Black squares represent 

rats that received OFC+PL lesions. Black diamonds represent rats that received PL lesions. 

Black Triangles represent rats that received OFC lesions. White circles represent rats that 

received Sham lesions.  
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Figure 3.4.  (A) Consumption (mean + SEM) of the pellet types during the consumption test for 

the rats that received OFC, PL, OFC+PL, or Sham pretraining lesions. White bars represent 

consumption of the nonsated (nondevalued) pellet type. Black bars represent consumption of the 

sated (devalued) pellet type. 
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Figure 3.5.  (A) Lever presses/session (mean + SEM) made during training for the rats that 

received PL or Sham pretraining lesions over the course of two training days, collapsed across 

pellet type. (B) Lever presses/session (mean + SEM) made during training for the rats that 

received PL or Sham pretraining lesions over the course of two training days for Precision (Left) 

or Chocolate (Right) pellet types.  Black Circles represent rats that received PL lesions. White 

circles represent rats that received Sham lesions. T1 and T2 represent the first and second day of 

cued trial training for each pellet type (averaged across the first and second training day for each 

pellet in A and presented separately for each pellet on in B). 
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Figure 3.6.  (A) Rewards Earned/session (mean + SEM) made during training for the rats that 

received PL or Sham pretraining lesions over the course of two training days, collapsed across 

pellet type. (B) Rewards Earned/session (mean + SEM) made during training for the rats that 

received PL or Sham pretraining lesions over the course of two training days for Precision (Left) 

or Chocolate (Right) pellet types.  Black Circles represent rats that received PL lesions. White 

circles represent rats that received Sham lesions. T1 and T2 represent the first and second day of 

cued trial training for each pellet type (averaged across the first and second training day for each 

pellet in A and presented separately for each pellet on in B). 
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Figure 3.7.  (A) Representative image of Arc+ neurons (in red) neuronal nuclei (in blue). (B) 

Arc+ cells per mm2 in OFC. Black bars represent rats that received PL lesions. White bars 

represent rats that received Sham lesions. * = p < 0.05 (C) Arc+ cells per mm2 in MD. Black bars 

represent rats that received PL lesions. White bars represent rats that received Sham lesions. 
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Figure 3.8.  (A) Representative image of Arc+CTb+ neurons (in yellow), Arc+ neurons (in red), 

and neuronal nuclei (in blue). (B) Percentage of Arc+ neurons in CTb+ cells in MD. Black bars 

represent rats that received PL lesions. White bars represent rats that received Sham lesions. * = 

p < 0.05 

 

Table 3.1.  Results of multilevel Poisson regression for fixed effects and interactions for the 

training data (Lever Presses/session) in Experiment 1.  

  b z-value p 

Intercept 6.16 128.87 <0.01 

PL -0.09 -13.56 <0.01 

OFC 0.09 16.14 <0.01 

Pellet -0.05 -2.21 0.03 

Day 0.13 4.62 <0.01 

PL*OFC 0.06 11.35 <0.01 

PL*Pellet 0.02 3.84 <0.01 

OFC*Pellet 0.009 1.71 0.09 

PL*Day -0.07 -10.07 <0.01 

OFC*Day -0.083 -12.30 <0.01 

Pellet*Day 0.0005 0.13 0.90 

PL*OFC*Pellet 0.002 0.36 0.73 

PL*OFC*Day -0.04 -6.21 <0.01 

PL*Pellet*Day 0.01 2.76 <0.01 

OFC*Pellet*Day -0.003 -0.74 0.46 

PL*OFC*Pellet*Day -0.03 -7.81 <0.01 

Note. Bold values represent significant effects (p < 0.05). 
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Table 3.2.  Results of multilevel Poisson regression for fixed effects and interactions for the 

training data (Rewards Earned/session) in Experiment 1.  

  b z-value p 

Intercept 4.28 551.16 <0.01 

PL 0.002 0.33 0.74 

OFC 0.007 0.98 0.33 

Pellet -0.004 -0.54 0.59 

Day 0.04 5.00 <0.01 

PL*OFC -0.004 -0.53 0.59 

PL*Pellet 0.008 1.04 0.30 

OFC*Pellet -0.0005 -0.07 0.95 

PL*Day 0.01 1.25 0.21 

OFC*Day -0.01 -1.25 0.21 

Pellet*Day -0.01 -1.16 0.25 

PL*OFC*Pellet -0.004 -0.48 0.63 

PL*OFC*Day -0.0003 -0.04 0.97 

PL*Pellet*Day -0.003 -0.37 0.71 

OFC*Pellet*Day -0.001 -0.13 0.90 

PL*OFC*Pellet*Day -0.01 -1.09 0.28 

Note. Bold values represent significant effects (p < 0.05). 

Table 3.3.  Results of multilevel regression for fixed effects and interactions for the devaluation 

test data in Experiment 1.  

  b z-value p 

Intercept 2.27 25.02 <0.01 

PL -0.38 -11.97 <0.01 

OFC 0.01 0.31 0.76 

Lever 0.13 4.68 <0.01 

Trial -0.14 -4.49 <0.01 

PL*OFC 0.10 3.35 <0.01 

PL*Lever -0.08 -3.91 <0.01 

OFC*Lever -0.05 -2.47 0.01 

PL*Trial -0.12 -7.73 <0.01 

OFC*Trial 0.01 0.55 0.58 

Lever*Trial 0.004 0.46 0.65 

PL*OFC*Lever -0.07 -3.54 <0.01 

PL*OFC*Trial 0.03 2.21 0.03 

PL*Lever*Trial -0.004 -0.52 0.61 

OFC*Lever*Trial 0.02 1.84 0.07 

PL*OFC*Lever*Trial -0.002 -0.23 0.82 

Note. Bold values represent significant effects (p < 0.05). 
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Table 3.4.  Results of multilevel regression for fixed effects and interactions for the consumption 

test data in Experiment 1.  

  b t-value p 

Intercept 2.40 17.21 <0.01 

OFC -0.05 -0.36 0.72 

PL -0.05 -0.38 0.71 

Satiation 0.56 4.01 <0.01 

OFC*PL 0.04 0.26 0.79 

OFC*Satiation -0.07 -0.49 0.63 

PL*Satiation -0.09 -0.68 0.50 

OFC*PL*Satiation -0.11 -0.81 0.42 

Note. Bold values represent significant effects (p < 0.05). 

Table 3.5.  Results of multilevel Poisson regression for fixed effects and interactions for the 

training data (Lever Presses/session) for Experiment 2.   

  b z-value p 

Intercept 6.14 69.03 <0.01 

PL 0.11 1.28 0.20 

Pellet -0.11 -3.09 <0.01 

Day 0.03 0.71 0.48 

PL*Pellet -0.01 -0.40 0.69 

PL*Day 0.04 0.91 0.36 

Pellet*Day -0.12 -10.91 <0.01 

PL*Pellet*Day -0.03 -2.53 0.01 

Note. Bold values represent significant effects (p < 0.05). 

Table 3.6.  Results of multilevel Poisson regression for fixed effects and interactions for the 

training data (Rewards Earned/session) for Experiment 2.   

  b z-value p 

Intercept 4.25 199.74 <0.01 

PL 0.006 0.30 0.76 

Pellet -0.03 -1.68 0.09 

Day 0.01 0.42 0.68 

PL*Pellet -0.006 -0.34 0.73 

PL*Day 0.02 0.69 0.49 

Pellet*Day -0.01 -0.42 0.67 

PL*Pellet*Day -0.01 -0.48 0.63 

Note. Bold values represent significant effects (p < 0.05). 
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Chapter 4 - Discussion 

In the current experiments, we showed that rats can exhibit normal goal-directed action in 

our multi-response/multi-reinforcer devaluation task with cued trials when either PL or OFC is 

functional but are impaired when both PL and OFC are damaged. We also showed that OFC 

neural activity increases and MD->OFC projecting neurons show increased activity during 

training when PL is lesioned. Below, we discuss how the effect of OFC+PL lesions on 

devaluation and the lack of effect of OFC or PL lesions on devaluation suggests our task can 

model neural compensation. We also discuss the increased neural activity in lateral OFC and MD 

during training and the role of MD in modulating neural compensation. 

OFC+PL lesions impaired devaluation but OFC or PL lesions did not impair 

devaluation 

 We found evidence that OFC or PL lesions did not impair devaluation but double 

OFC+PL lesions did impair devaluation. The lack of effect of OFC or PL lesions suggests that 

OFC and PL are not individually necessary for learning the necessary associations for future 

goal-directed action or performance of goal-directed action in our devaluation task. However, in 

conjunction with the impairments found in the double lesion condition, the lack of OFC or PL 

lesion effect suggests at least one of these regions is necessary for training and/or performance in 

our devaluation task.  

 Our task is designed in such a way that it can be solved using an S-O strategy by paying 

attention to the unique cuelights above the levers, likely mediated by OFC, or an R-O strategy by 

paying attention to the spatial lever location, likely mediated by PL. Previously, we have shown 

that OFC or PL inactivation during training does not impair future devaluation in our task, 

despite rats preferring to use an R-O strategy (Fisher et al., 2020). As such, we suggested that the 
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pattern of data we found indicated that, while the R-O strategy was the default strategy learned, 

the cue-based strategy could be learned and used to express normal goal-directed action if PL 

was inactive. This is suggestive of overshadowing taking place between the spatial lever location 

and the cuelights.  

 Overshadowing refers to the process by which a conditioned stimulus (CS) (e.g., a tone) 

gains preferential conditioning over another, less salient CS (e.g., a light) when the two CSs are 

presented in compound. The result is that the more salient CS elicits a greater conditioned 

response than the less salient CS.  Overshadowing can be explained in terms of attentional 

processes (Mackintosh, 1975; Pearce & Hall, 1980) or error correction leading well-predicted 

outcomes to be less effective unconditioned stimuli (Rescorla & Wagner, 1972). We propose that 

the spatial lever location is a more salient CS than the cuelights in our task, so the spatial lever 

location strategy overshadows the cuelights when both are presented simultaneously, despite 

either strategy being capable of developing outcome-specific associations. Thus, the S-O strategy 

is learned secondarily to the R-O strategy under normal conditions but the R-O strategy cannot 

be learned or overshadow the S-O strategy when PL is inactivated or lesioned. An inactive PL 

allows for the S-O strategy to be learned and guide behavior. We have preliminary data showing 

that, when PL is lesioned prior to training, devaluation (based on the spatial lever location) is 

intact when the cuelights and the lever-location predict the same outcome, which mirrors the 

pattern found in the PL group in Exp. 1. However, when the cuelights and lever-location predict 

different outcomes, PL lesioned rats devalue using the cuelight value instead of the lever-

location (unpublished data; Figure 1). This pattern of data indicates that the S-O strategy was 

learned and used to guide goal-directed action when PL was inactive.  
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 We hypothesize that the compensation, in which the normal overshadowing is not 

observed and the normally overshadowed cue now guides behavior, occurs during training. The 

data from our first experiment are unable to differentiate whether the training phase or 

performance phase is the phase in which competition/compensation is occurring between OFC 

and PL. Most models of associative learning tend to ascribe cue-competition to processes 

occurring either predominantly during acquisition or performance. For example, cue competition 

could affect what is learned during the acquisition phase, in which case behavior during 

performance could be simply a direct read-out of what was learned during the acquisition phase, 

with all complex processing due to cue competition limited to the learning phase. A learning 

model, such as the Rescorla-Wagner model (Rescorla & Wagner, 1972), posits that associative 

value, and therefore learning, is a finite resource such that every stimulus present competes for 

associative value. A learning model would say that the R-O strategy has a faster learning rate 

than the S-O strategy because it is more salient during training. Conversely, a performance 

model, such as the Comparator Hypothesis (Miller & Matzel, 1988), posits that the learning rate 

is constant across stimuli and behavior is determined at the time of performance. A performance 

model would say that the R-O and S-O strategies are learned equally well, but the R-O strategy 

out-competes the S-O strategy to guide behavior during test. Our results are unable to 

definitively differentiate which theoretical process (i.e., learning or performance process) is 

responsible for our results because OFC and PL were both lesioned during training and testing.  

 Previous literature supports our hypothesis that training is the important phase for 

compensation between OFC and PL primarily because PL seems to only be necessary for the 

acquisition phase of devaluation tasks. A pre- versus post-training lesion study (Ostlund & 

Balleine, 2005) and an inactivation study (Tran-Tu-Yen et al., 2009) found that PL is not 
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necessary for performance of free operant devaluation tasks where the strategy being learned is 

the R-O strategy but is necessary for learning R-O strategies (Balleine & Dickinson, 1998; 

Corbit & Balleine, 2003; Coutureau et al., 2009; Killcross & Coutureau, 2003; Ostlund & 

Balleine, 2005; Tran-Tu-Yen et al., 2009). Conversely, OFC is likely necessary for both 

acquisition and performance. Chemogenetic inactivation of OFC during training impairs 

devaluation when there is a shift in instrumental contingencies (i.e., the outcomes are switched 

such that the lever that previous earned Outcome A now earn Outcome B) (Parkes et al., 2018). 

Results of experiments with lesions or inactivations made before (Parkes et al., 2018; Pickens et 

al., 2003; West et al., 2011) or after selective satiety/taste aversion (Gardner et al., 2017; Pickens 

et al., 2005; West et al., 2011) show that OFC is necessary for devaluation performance. While 

OFC may be necessary for both acquisition and performance, PL’s time-limited role in free-

operant devaluation tasks makes it likely that compensation between OFC and PL primarily 

occurs during acquisition of the contingencies needed for future devaluation. One way to 

determine whether the regions are important for compensation during training and/or testing 

would be to inactivate OFC and PL during training or during testing using chemogenetics or an 

inactivating agent like a muscimol/baclofen cocktail. This design would differentiate whether the 

compensation between the regions primarily occurs during training and/or performance of the 

task. 

 Even if compensation is primarily occurring during the acquisition phase, the role of OFC 

in devaluation performance suggests that when overshadowing does not occur (like when PL is 

lesioned), OFC plays a bigger role in performance as well as acquisition. We have pilot data 

suggesting that this is the case. We gave three rats PL lesions and two rats Sham lesions prior to 

any training and 120 minutes after the second choice test, we perfused rats so that we could 
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quantify Fos expression. We found a trend towards higher Fos expression in OFC when rats had 

PL lesions, suggesting that OFC is more active during performance when PL is damaged prior to 

training (Figure 1B). 

 One other limitation of the data is that the OFC+PL condition has double the lesion 

volume, so one possibility is that impairments occurred not because OFC and PL are both 

necessary for the task but because there was more brain damage. The mass action principle 

suggests that the proportion of brain damage is directly proportional to the decreased ability of 

memory function (Lashley, 1950). In search of a memory engram, Lashley conducted maze 

experiments where rats received cortical lesions of varying size. Lashley found that location of 

the lesion did not affect performance but the amount of cortex lesioned affected the degree of 

impairment in maze performance (Lashley, 1950). He concluded that any neurons in any cortical 

region could support learning and memory (equipotentiality) and that many areas act together to 

support learning and memory (mass action principle). Studies have since shown that while many 

regions act in concert to support learning and memory, there is functional specificity among 

these regions. There are many types of memories like declarative, emotional, and habit memories 

that are specialized to rely on distinct brain regions and pathways like the hippocampus, 

amygdala, and striatum (Squire, 2004; White et al., 2013). These functional specializations of the 

brain refute Lashley’s claims because each individual brain region is not equally likely to be 

involved in any given memory and therefore the same amount of damage can have differing 

effects depending on where that damage occurs. 

 Based on Lashley’s data, we could possibly conclude that devaluation performance was 

only impaired in the double-lesion condition due to two brain regions being damaged instead of 

one as in the single-lesion condition. While our data cannot definitely say the devaluation 
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impairment observed in the double-lesion group was not simply due to more cortical damage, 

our training and consumption test data and understanding of OFC and PL function from previous 

literature makes this conclusion unlikely. Studies of OFC and PL function show that these 

regions support distinct behaviors. As mentioned previously, PL seems to support R-O 

associations (Balleine & Dickinson, 1998; Corbit & Balleine, 2003; Coutureau et al., 2009; 

Killcross & Coutureau, 2003; Ostlund & Balleine, 2005; Tran-Tu-Yen et al., 2009) while OFC 

seems to support S-O associations (Baxter et al., 2000; Gallagher et al., 1999; Izquierdo et al., 

2004a; Lichtenberg et al., 2017; Panayi & Killcross, 2018; Pickens et al., 2005; Pickens et al., 

2003; Rudebeck & Murray, 2011; West et al., 2011; West et al., 2013a). Similarly, in attentional 

set-shifting tasks, OFC is necessary for reversal learning while PL is not, and PL is necessary for 

extradimensional set-shifting while OFC is not (Birrell & Brown, 2000; Bissonette et al., 2013). 

These functional specializations that OFC and PL exhibit make it unlikely that our devaluation 

impairment was only due to more cortical damage.   

 The test data reveal a deficit in devaluation performance, but the OFC+PL group did 

decrease responding to the levers across trials suggesting that group does not show deficits in 

extinction learning. Decreases in responding to both levers could represent that the rats were 

exhibiting a non-selective satiety effect, in which rats were less hungry and were not able to 

guide their behavior through selective satiety since they did not have outcome specific 

associations.  However, the consumption test data showed that all rats were able to devalue 

properly when the outcome was presented suggesting the rats can exhibit selective satiety during 

consumption. The decrease in consumption of the sated food in the consumption tests shows that 

the value of the reward is able to be updated once the food is tasted so there are not overt deficits 

selective satiety. Therefore, the OFC+PL group has the ability to devalue rewards and use that 



46 

ability to guide behavior when the outcomes are present (at least in consumption). In summary, 

our data suggest that the OFC+PL group do not show overt deficits in basic learning or deficits 

in selective-satiety guiding consumption when the outcomes are present, and the impairment is 

selective updating value representations. It is unlikely that the increased cortical damage in the 

OFC+PL group can alone explain the selective performance in the devaluation choice test. 

 Our devaluation task presumably uses a mixture of S-O and R-O responses and our 

results indicate that either strategy can be used to guide behavior depending on strategy saliency 

and whether the strategy neural correlate is available during the task. This does not invalidate 

other devaluation procedures where S-O (e.g., Pavlovian) or R-O (e.g., free-operant) strategies 

are used exclusively to guide behavior. Indeed, our interpretation of our data is based heavily on 

results of these simplified tasks showing a dissociation between tasks that are OFC or PL 

dependent.  However, our findings and task may be more representative of how devaluation 

occurs in humans where cue-based and response-based strategies are often intermixed. Our task 

represents one possible way to model devaluation in complex environments while leveraging the 

control gained from use of animal models. Parkes et al. (2018), recently found that OFC was 

required for a free-operant devaluation task when the outcomes were switched after a period of 

pretraining. This task represents another way to model more complex environments when the 

same action may predict a different reward over time. Similarly, Gremel and Costa (2013) found 

that the same action, when presented in different contexts with different reinforcement schedules, 

required OFC. Therefore, our task represents one of a few new devaluation task variants that can 

model more complex environments that may in turn better model devaluation and the underlying 

neural substrates in humans.  
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One methodological consideration is the training data revealed that the OFC+PL lesioned 

group decreased responding for the chocolate pellet and maintained responding for the precision 

pellet across training while the other groups increased responding for both pellet types. While 

response rates diverged for the OFC+PL lesioned group, they earned as many rewards as the 

other three groups. Our rats were conditioned using a variable-interval schedule during cued-trial 

training. Rats could only earn a max of two pellets during a trial that were available (following a 

lever press) at randomized times. Thus, rats could, in theory, press only twice during the trial and 

earn just as many pellets as a rat that presses twenty times during the trial. While the OFC+PL 

group may have had lower motivation to respond (as evidenced by lower response rats) for the 

two pellet types than the other three groups, they still earned just as many rewards. Since the 

groups all receive the same number of rewards, the differences in lever press rates are likely 

negligible in terms of learning the light-lever association with the pellet type.  

 Neural activity in lateral OFC and MD during training 

 Analysis of the Arc+ neurons in OFC and MD found increased numbers of Arc+ neurons 

in OFC in PL lesioned rats and no differences between groups in MD during training. Broadly, 

these findings suggest that increased neural activity in OFC may represent increased learning of 

the S-O strategy to guide behavior in the absence of PL competition. In addition, the lack of 

effect in MD is likely due to different populations of neurons (MD->OFC versus MD->PL) 

being active when PL is lesioned or not.  

 We found more Arc+ neurons in lateral OFC when PL was lesioned during training. 

These data suggest that when PL is damaged, OFC becomes more active so that the S-O strategy 

is learned in order to guide behavior. However, due to the nature of the study we cannot say for 

certain that the increase in OFC activity would result in the S-O strategy being used to guide 
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behavior. Studies have found increased neural activity in OFC, measured by in vivo 

electrophysiology or functional magnetic resonance imaging, during acquisition go/no-go 

discrimination (Schoenbaum et al., 1998), go/no-go reversal learning (Schoenbaum et al., 2000), 

and sensory preconditioning (Sadacca et al., 2018; Wang et al., 2020), which related to better 

performance. In addition, we have data showing that when PL is lesioned, rats devalue based on 

the S-O strategy (unpublished data; Figure 1A), suggesting that if the current study had allowed 

for testing, we would have observed that PL lesioned rats used the S-O strategy to guide 

behavior. Future studies should use a chemogenetic manipulations, such as exciting OFC during 

training to determine whether rats devalue using the R-O or S-O strategy when OFC activity is 

increased during training.   

We did not find a difference between the number of Arc+ neurons in MD in PL lesioned 

rats compared to Sham rats. MD has strong projections to OFC and PL (Alcaraz et al., 2016). 

Therefore, we did not expect to see an overall difference in Arc+ neurons. It is likely that in the 

Sham group, MD->PL neurons were more active whereas in the PL lesion group, MD->OFC 

neurons were more active. The lack of difference is most likely due to different populations 

being active in our different groups. MD->PL and MD->OFC projecting neurons are segregated 

in MD (Alcaraz et al., 2016) so it is likely that we would have seen differences in MD if we had 

subdivided MD when counting Arc+ neurons.  

The increase in MD->PL or MD->OFC potentially depends on the driver input from the 

PL->MD and OFC->MD neurons. When PL is intact, there are likely stronger driver inputs to 

MD that are reflective of the greater saliency of the response options. These inputs compete with 

the OFC->MD input and the decrease in OFC activity is likely driven by less input from the MD-

>OFC modulating neurons. However, when PL is lesioned, the OFC->MD driver inputs are 
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stronger and therefore outcompete any remaining PL->MD driver inputs, which are severely 

diminished in the lesion condition (>60% PL damage). PL activity then decreases as MD->PL 

activity is inhibited and the MD->OFC activity increases in order to increase OFC activity and 

maintain the thalamocortical/corticothalamic circuits. In a spatial working memory task and a 

two-alternative forced choice task, MD->PL activity during delays was necessary for intact 

performance (Bolkan et al., 2017; Schmitt et al., 2017). In vivo electrophysiology also found that 

individual neurons did not remain active during the entire delay period. Instead, there was 

sequential activation across the population of PL neurons that was dependent on MD activity, 

suggesting that PL activity alone is insufficient to maintain activity across the delay period 

(Bolkan et al., 2017; Schmitt et al., 2017). It is conceivable that the opposite would also occur 

(i.e., decreases in PL->MD driver activity decreased MD->PL activity). Future experiments 

should use circuit-specific manipulations to determine whether increasing MD->OFC and OFC-

>MD activity biases rats towards using the S-O strategy even when PL is intact.  

 The role of MD in modulating neural compensation 

We found a higher ratio of Arc+CTb+ neurons in MD when PL is lesioned, revealing that 

MD->OFC projecting neurons are more active when PL is lesioned prior to training. This is 

indirect evidence for our overshadowing hypothesis that the S-O and R-O strategies compete for 

attentional resources. Based on our data, the R-O strategy is more salient as it is the preferred 

strategy used when the two strategies are pitted against each other (Fisher et al., 2020). 

Therefore, we predict that when PL is active, OFC receives less excitatory input from MD to 

reduce attentional competition between the two strategies, whereas when PL is inactive or 

damaged there is no competition so attentional resources are shifted to OFC so the S-O strategy 

can be learned. As such, our finding that MD->OFC neurons are more active when PL is 
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damaged provides indirect, but compelling evidence that when PL is damaged, MD directs 

attentional resources to OFC so that strategy is learned preferentially.  

A previous study has found that increased MD->PL activity increased neural activity in 

PL during a two-alternative forced choice task (Schmitt et al., 2017). Interestingly, they found 

that only fast-spiking inhibitory neurons increased spiking, not excitatory neurons. Follow-up 

analysis found that the maintenance of excitatory spiking but increase in inhibitory spiking was 

due to increased local connectivity amongst excitatory neurons (i.e., greater coherence between 

excitatory neuron spiking). This increased connectivity/coherence was enhanced by MD input 

and disrupted by suppression of MD input during the task. These data are in line with the 

modulating role of thalamocortical neurons (Sherman & Guillery, 2013).  Furthermore, these 

studies revealed that MD excitability recruits additional neurons to the task adding evidence that 

MD inputs to PL increase local connectivity (Schmitt et al., 2017). These results provide a 

framework for how MD may interact with OFC. We found increased neural activity in OFC but 

we have yet to investigated the type of neurons that are exhibiting increased activity. If MD and 

OFC interact in a task-dependent manner in the same way as MD and PL, then the increase in 

MD->OFC activity is predicted to increase inhibitory activity in OFC and increased coherence 

between excitatory neurons. One caveat is that the Schmitt et al. paper examines a task where PL 

does not compete with other brain regions, therefore it is possible that in our circumstance we 

would also observe increased excitatory neural activity along with increased inhibitory neural 

activity because when PL is intact, OFC would not exhibit as much excitatory activity. Future 

studies should determine what cell types in OFC are active with PL is lesioned, intact, and in a 

task where OFC outcompetes PL. 
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While we hypothesize that MD coordinates activity across PL and OFC, this process 

likely does not happen exclusively in MD. Anatomically, MD->PL and MD->OFC projecting 

neurons do not overlap, so it is unlikely that MD computes the saliency information and 

modulates MD->PL and MD->OFC as a result. One region that likely coordinates MD, PL, and 

OFC activity to enable optimal performance is the thalamic reticular nucleus (TRN). TRN is a 

thin nucleus of GABAergic neurons that surrounds the dorsal thalamus. It receives axon 

collaterals from corticothalamic and thalamocortical projections including OFC and PL 

(Zikopoulos & Barbas, 2006, 2012), but only projects to thalamic nuclei. TRN has well-

characterized roles in the generation of sleep spindles, sensory gating, and top-down mediated 

sensory selection (Krol et al., 2018; Luthi, 2014; Pinault, 2004). Little is known about how TRN 

coordinates activity in associative higher-order nuclei, like MD, and their cortical targets. TRN is 

thought to be an attentional spotlight by coordinating activity across prefrontal cortex and 

thalamus to increase activity of relevant regions and decrease activity of irrelevant regions to 

increase signal-to-noise ratio (Crabtree, 2018; Krol et al., 2018; Zikopoulos & Barbas, 2006), as 

it does to modulate activity across different sensory modalities. For example, first-order sensory 

thalamic nuclei, meaning they receive the majority of their input from direct sensory connections 

(e.g., retinal projections), also modulated neural activity based on attentional demands. In these 

studies, a signal indicates whether mice should use an auditory or visual stimulus to guide their 

behavior. When recording in the lateral geniculate nucleus, a first-order visual thalamic nucleus, 

neural activity quantified by in vivo electrophysiology is increased when mice receive the signal 

to attend to the visual stimulus (Halassa et al., 2014; Nakajima et al., 2019; Wimmer et al., 

2015). Importantly, manipulation of TRN using TRN-specific genetic knock-out of ErbB4 



52 

(Ahrens et al., 2015) or PTCHD1 (Wells et al., 2016) or activation of visual-projecting TRN 

(Wimmer et al., 2015), impairs the ability to attend to the reward-predictive cues.  

 Thus, one explanation for the current data is that TRN directs MD to enhance or suppress 

OFC or PL activity depending on cortical availability. If this were the case, it is possible that 

TRN is sensitive to the strength of incoming messages and inhibits weaker responses to enhance 

the signal-to-noise ratio of the stronger signal. Therefore, when PL is inactivated or damaged, 

TRN loses PL->MD driver input so the OFC signal is increased. However, research investigating 

the role of TRN modulating OFC, PL and MD to support flexible decision-making is lacking. 

One other alternative is that MD and/or TRN receive input from other regions that direct neural 

activity.  

 One possible region is the basolateral amygdala (BLA), although strong evidence for is 

lacking. Like MD, BLA is part of the salience network (Menon & Uddin, 2010; Peters et al., 

2016; Seeley et al., 2007). BLA has connections to both MD and TRN (Zikopoulos & Barbas, 

2012). In addition, BLA neurons form synapses closer to the cell body than OFC and MD 

synapses in TRN and there are more numerous large and efficient terminals from BLA->TRN 

than from OFC and MD (Zikopoulos & Barbas, 2012). Anatomically, this configuration would 

aid attentional shifts to salient events that occur in the environment. Functionally, BLA 

influences TRN to indirectly amplify cortical activity. In an auditory study, activating 

BLA->TRN increased tone-evoked response in the auditory thalamus and auditory cortex 

(Aizenberg et al., 2019). Notably, activating this pathway did not increase tone-related activity 

but instead it suppressed spontaneous activity, therefore increasing the signal-to-noise ratio. The 

lack of an increase in cortical activity suggests that BLA may not be responsible for our pattern 

of results where we observed increases in MD->OFC projecting neurons and increased activity 
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in OFC. While it is possible that BLA may have different effects for non-sensory nuclei, the 

increase in signal-to-noise ratio makes this an unlikely mechanism for the activation patterns 

observed in MD. 

Our findings suggest an exciting new area of behavioral neuroscience in which 

compensation effects may be observed. Neural compensation between single regions has been 

documented in other behavioral tasks including fear conditioning, reversal learning, and spatial 

learning. In fear conditioning, lesions of the basolateral amygdala result in impaired fear 

conditioning acquisition with limited training but if the animal receives overtraining of the tone-

shock pairings it can acquire a contextual fear response (Maren, 1999). Likewise, repeated 

training can lead to contextual fear memories being dependent on non-hippocampal structures 

(Lehmann et al., 2009). Finally dorsal hippocampus lesions do not affect context fear 

conditioning when made before training (Maren et al., 1997). In reversal learning, after 

methamphetamine exposure that results in partial dopamine loss in the striatum (Daberkow et al., 

2008; Pastuzyn & Keefe, 2013), there were alteration in which brain regions showed correlations 

between reversal learning performance and Arc mRNA expression. Despite the brain-behavior 

correlations shifting to the nucleus accumbens shell, reversal learning performance was 

unaffected. Subsequent investigation showed that inhibiting Arc expression in the nucleus 

accumbens shell only impaired methamphetamine-exposed animals, showing that the brain 

region necessary for intact reversal learning shifted following methamphetamine exposure. In a 

spatial learning task, rats learn a T-maze using a place strategy (i.e., turning based on location 

relative to cues in the room) but after extensive training rats exhibit a response strategy (i.e., 

turning left/right regardless of relative location within the room). The place strategy is dependent 

on the hippocampus whereas the response strategy is dependent on the striatum. When the 
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striatum is inactivated after short or extensive training, the rats continue to use the place strategy 

but when the hippocampus is inactivated, rats do not show a preference for either strategy after 

short training (Packard & McGaugh, 1996). Our study is the first instance to show compensation 

occurring during a devaluation task. This leads to exciting hypotheses about how circuits interact 

with each other to promote cognition and how external insults to the system can alter these 

circuits.  

 Conclusions 

 Our results indicate that our multi-response/multi-reinforcer devaluation task with cued 

trials can successfully model neural compensation between OFC and PL. This indicates that 

observation of behavioral alterations in neuropsychiatric disorders or neural injury could be 

obscured by neural compensation and our task could be a way to detect subtle alterations of PL 

and/or OFC function. These results provide a strong basis for future research examining the 

mechanisms of how OFC and PL actively compensate for each other in our task. We also found 

indirect evidence for our overall hypothesis that MD regulates neural compensation and 

attentional activity based on the salience of the strategies available and cortical availability. 

Further, this suggests MD dynamically regulates attentional control of complex learning 

strategies between PFC brain regions. Together, these studies form the basis of a program of 

research validating a behavioral task that can be used to identify subtle shifts in behavioral 

strategies used to guide behavior following neural injury or other disorders. This research will 

elucidate basic mechanisms that underlie how circuits interact with each other to guide behavior 

and how the circuits alter as a compensatory response to neural dysfunction. Future studies 

should provide a causal link that MD modulates neural compensation and determine whether this 
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compensation may be occurring in disorders/models of disorders that affect function of PL, OFC, 

or both.  
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