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Abstract 

 

 Survival depends on the ability to adapt behaviors to constantly changing 

circumstances in order to achieve goals, such as obtaining food. The brain orchestrates 

flexible goal-directed behavior by integrating sensory inputs with memory and the 

current internal state. The frontal cortex is thought to be particularly important for this 

kind of integrative processing, and is also known to have relatively protracted 

maturation. Differences in adolescent behavior are often attributed to ongoing 

maturation of the frontal cortex. In Chapter 2, we developed behavioral assays to test 

behavioral flexibility at different developmental stages and test whether lesions of the 

dorsomedial prefrontal cortex (dmPFC) affect decision making. We found that juvenile 

mice were more flexible in a multiple choice foraging task compared to adults, and that 

performance at both ages was impaired by dmPFC lesions. We conclude that the 

dmPFC is “online” even at a young age, but perhaps operates differently. We next 

hypothesized that differences in frontal connectivity would relate to different decision-

making patterns across development. It is unknown how frontal circuits mature at the 

cellular level, or if different sub-circuits may have different developmental trajectories. 

We leveraged advances in in vivo imaging technology to observe maturation of long 

range limbic connections to dmPFC from the orbitofrontal cortex (OFC) and basolateral 

amygdala (BLA) at the level of individual axons and pre-synaptic boutons. We found 

that axons in the juvenile brain were highly dynamic, and that different axon populations 

may follow unique developmental trajectories. Finally, we sought to understand how 

experience in the foraging task relates to plasticity of axons projecting from the OFC to 
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dmPFC. We found that training on the multiple choice foraging task enhanced bouton 

dynamics compared to control groups. We further discovered that the density and 

experience-dependent gain of boutons was related to exploitation of a foraging rule, 

while exploration of alternatives was related to bouton loss. The magnitude of bouton 

gain or loss scaled with prediction errors estimated from individual choice histories. 

Taken together, the connectivity of the dmPFC may regulate the propensity for 

behavioral flexibility and exploration, and this connectivity is tuned by both development 

and experience.    
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Chapter 1 

Introduction: Neural circuits for goal-directed behavior 

 

Goal-directed behavior 

 Adaptive goal-directed behavior depends on the ability to adjust behavioral 

strategy in response to the outcomes of previous actions. Goal-directed behavior can be 

contrasted with habitual actions, which are controlled by antecedent stimuli (Yin & 

Knowlton, 2006). For a behavior to be considered goal-directed, it must be sensitive to 

the value of the outcome and also to the reliability of the action producing the outcome 

(contingency). Goal-directed behaviors can be relatively straight forward with the goal 

proximal to the action (e.g. a baby navigating the first fistful of Cheerios into its mouth). 

Or, a delay in time between actions and the goal or competing distractions may require 

goal-directed behaviors to implement planning and attentional mechanisms (e.g. 

completion of a doctoral degree). Executive functions that support goal-directed 

behavior arise relatively late in development compared to sensory and motor functions. 

In this dissertation, I explore the neural circuits that support goal-directed decision-

making and the developmental pressures that shape those circuits. 

 

Development of flexible goal-directed decision-making 

 Executive function describes a set of overlapping neurocognitive processes that 

are essential for the expression of goal-directed behavior. Successful goal-directed 

behavior is flexible and must be able to adapt to changing environmental contingencies. 
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Cognitive flexibility is dependent on appropriate use of feedback, working memory, and 

response inhibition (Anderson, 2003). 

Children show developmental increases in performance on tests of cognitive 

flexibility, with specific aspects of flexibility maturing at different rates. Response 

inhibition and the ability to switch between response sets for simple stimuli emerges by 

age 5 (Espy, 1997). The ability to focus attention on specific dimensions of complex 

stimuli and shift between attention sets reaches levels of adult-like performance at age 

11-12 (Chelune & Baer, 1986; Luciana & Nelson, 1998; Crone et al., 2004; Romine et 

al., 2004; Somsen, 2007). Although young children can perform shift and reversal tasks 

at above chance performance, maturation of top-down inhibitory control and working 

memory likely contribute to increase efficiency and performance through mid to late 

adolescence (De Luca et al., 2003; Luna et al., 2004; Crone, Wendelken, et al., 2006; 

Huizinga et al., 2006). Overall, human executive function is thought to increase from 

childhood through young adulthood, and to decline only after middle age (Cepeda et al., 

2001; De Luca et al., 2003; Rhodes, 2004). 

Gambling tasks model real-life decision-making and monitor how subjects update 

their choice patterns in response to positive and negative feedback. Adolescent 

subjects consistently opt for choices that have a high probability of reward despite 

infrequent yet catastrophic chance of loss over the course of the task (Crone & van der 

Molen, 2004; Cassotti et al., 2011). These results have been interpreted to mean that 

adolescents are unable to anticipate future outcomes (Crone & van der Molen, 2004). 

However I believe it may be more accurate to say that adolescents calculate the 

certainty of future outcomes using a different scale of outcome history. Young 
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adolescents (age 10-11) are more likely than older adolescents (age 13-14) to use a 

heuristic problem solving strategy that more heavily weights personally experienced 

recent outcomes (Kokis et al., 2002). Furthermore, age is correlated with delay 

discounting performance (i.e. younger subjects are more intolerant to delayed 

gratification) (Steinberg et al., 2009), but not probability discounting (Olson et al., 2007). 

A delay discounting task assesses the valuation of uncertain outcomes, while a 

probability discounting task measures the valuation of risky outcomes. I hypothesize 

that adolescents are be able to appropriately evaluate the value and riskiness of an 

outcome, but integrate outcomes to update behavior differently than adults. 

The study of flexible goal-directed behavior in animal models allows us to identify 

and manipulate the circuits that underlie the development and expression of this 

behavior. In rodents, foraging assays that require the animal to dig for food rewards 

associated with environmental cues can be used to assess decision-making strategies 

(Birrell & Brown, 2000; Garner et al., 2006). These tasks can be learned in hours and 

likely tap ethologically relevant foraging strategies, making them useful for 

developmental studies. Reversal learning paradigms require the animal to discriminate 

among cues and their associated outcomes, and then the contingencies are updated so 

that a previously unrewarded cue now predicts the positive outcome (Kim & Ragozzino, 

2005). Attention set-shift paradigms use complex stimuli, where only one stimulus 

dimension (e.g. odor) predicts the outcome. The formation of an attention set is tested 

by and extra-dimensional shift where the previously unrewarded dimension (e.g. 

texture) now predicts the outcome (Birrell & Brown, 2000; Bissonette et al., 2008). In 

both types of paradigms, the animal must inhibit the previously learned response and 
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learn a new cue-outcome contingency, which may be facilitated by abstract rule 

formation. 

Developmental studies of reversal learning and set-shift performance have only 

recently been performed in rats (Newman & McGaughy, 2011) and in our lab in mice 

(Johnson and Wilbrecht, 2011). In Chapter 2, I explore the development of reversal and 

set-shift learning in juvenile and adult mice. Detailed analysis of how behavior is 

updated to positive and negative feedback is carried out in 2-choice reversal compared 

to a more uncertain 4-choice reversal. These studies in mice provide an important 

benchmark for comparison to the human literature, and give us a useful tool to probe 

how outcome feedback sculpts neural circuits in vivo (Chapter 4).   

 

Circuits for flexible goal-directed behavior 

 The orchestration of goal-directed behavior must combine sensory information 

with memory to create association between cues, actions, and outcomes. These 

associations are updated based on the outcome, which in turn drives changes to 

subsequent behavior. Classic studies of patients with damage to the frontal lobes 

highlight the role of the frontal cortex in decision-making (Milner, 1963; Harlow & Miller, 

1993 (republished); Bechara et al., 1994). Here, I will focus on two interconnected 

regions of frontal cortex with dissociable roles in flexible behavior: the lateral 

orbitofrontal cortex (OFC) and the dorsomedial prefrontal cortex (dmPFC). 

 The orbital frontal cortex (OFC) receives multimodal sensory information and is 

connected to limbic structures such as the amygdala, hippocampal formation, ventral 

striatum, and the medial wall of cortex, though notably not to motor areas (Carmichael & 
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Price, 1995). Lesions of OFC have consistently been reported to impair reversal of cue-

outcome contingencies, but not acquisition of discriminations (McAlonan & Brown, 

2003; Schoenbaum et al., 2003). Similar to human patients with OFC damage, rats with 

OFC lesions choose immediate rewards over larger (and more uncertain) rewards in the 

future (Mar et al., 2011). Monkeys with OFC lesions do not adjust their behavior after 

selective reward devaluation, although they are able to demonstrate appropriate food 

preferences (Izquierdo et al., 2004).  

Neurons in the OFC respond to cues in anticipation of a reward, and to the 

outcome (Tremblay & Schultz, 2000). OFC neurons differentiate firing based on the 

relative preference for the reward, but not for the location of the reward or 

consummatory actions (Tremblay & Schultz, 1999). Separate neurons seem to encode 

value and risk of an outcome (O'Neill & Schultz, 2010; O'Neill & Schultz, 2013). One 

theory of OFC function is that it is crucial for signaling cue-outcome relationships 

(Rudebeck et al., 2008; Kennerley & Wallis, 2009; Luk & Wallis, 2013) and perhaps the 

likelihood of those outcomes (Schoenbaum et al., 2009). OFC neuronal activity is 

preferentially engaged compared to dorsolateral striatum during goal-directed behavior 

in mice (Gremel & Costa, 2013b). 

 The dorsomedial prefrontal cortex (dmPFC) includes the anterior cingulate cortex 

(ACC) and supplementary motor area (M2). The rodent dmPFC shares similar 

connectivity patterns and functionality with primate ACC and dlPFC, although the extent 

of homology has been debated (Brown & Bowman, 2002). The dmPFC receives more 

limited sensory input than OFC, but has outputs to cortical motor areas, the striatum, 

brainstem, and the spinal cord for locomotor and autonomic responses (Carmichael & 
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Price, 1995). Lesions of the ACC impair learning for action-outcome associations while 

OFC lesions impair cue-outcome associations (Rudebeck et al., 2008; Luk & Wallis, 

2013). ACC lesions render rats unwilling to invest effort to obtain a larger reward 

(Walton et al., 2003). Lesions of M2 in rodents disrupt goal-directed behavior and impair 

flexibility (Sul et al., 2011; Gremel & Costa, 2013a).  

Relative to OFC, a greater proportion of ACC neurons encode multiple value 

parameters of reward probability, payoff, and cost, and also encode both the predicted 

and experienced outcome (Kennerley & Wallis, 2009). ACC neurons also show 

unsigned “surprise signals” to unexpected outcomes (Hayden, Heilbronner, et al., 

2011). Neurons in the ACC show sustained outcome-related activity that is predictive of 

future actions (Histed et al., 2009). The ACC has been implicated in integrating the 

action-outcome history to adaptively guide future choices (Kennerley et al., 2006). In 

dynamic foraging tasks, ACC neurons signal the switch between exploration and 

exploitation strategies (Quilodran et al., 2008; Pearson et al., 2009; Hayden, Pearson, 

et al., 2011; Tervo et al., 2014).  

 Taken together these findings indicate that the OFC may be essential to evaluate 

within a trial whether a cue predicts the outcome, while the ACC evaluates across trials 

whether the action predicts the desired outcome. Both of these regions also share 

connectivity with the basolateral amygdala (BLA) which has also been implicated in 

flexible updating of cue-outcome associations (Schoenbaum et al., 2003; Johnson et al., 

2009). 

 In Chapter 2, I confirm that the dmPFC contributes to behavioral flexibility in both 

juvenile and adult mice. In Chapter 3, I observe the innervation and developmental 
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maturation of OFC and BLA connections with the dmPFC in vivo using longitudinal two-

photon imaging. In Chapter 4, I test how experience in a goal-directed foraging task 

impacts connectivity of OFC connections to dmPFC. 

 

Development of circuits for flexible behavior 

There are two major periods of neural development: the first and most critical in 

the peri-natal period, and a second period of reorganization and refinement in the peri-

adolescent period. The basic architecture of the brain is laid out very early in 

development. Neural migration and cortical lamination is completed by gestation week 

32 (Tau & Peterson, 2009). The growth cones of axons navigate to their final targets 

using axon guidance cues beginning around gestation week 26 and continuing through 

the first year of postnatal life. Dendritic arborization lags slightly behind axonal 

development and is most active in the first postnatal year (de Graaf-Peters & Hadders-

Algra, 2006).  

Synapse development follows a pattern of exuberant overproduction followed by 

later pruning. Synapse formation begins in the fetus before 27 weeks and reaches peak 

density in postnatal development depending on cortical region, followed by reduction of 

density to adult levels (Huttenlocher & Dabholkar, 1997). For example, visual cortex 

reaches peak synaptic density at 3 months (Huttenlocher & de Courten, 1987), while 

regions of the frontal cortex obtain peak synaptic density later in childhood and are 

pruned through the third decade of life (Petanjek et al., 2011). These studies illustrate 

that maturation of brain circuits is a non-linear process, with maturation of regions and 
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cell types occurring at different time periods. They also underline the importance of the 

peri-adolescent period for maturation of frontal and association cortices. 

Human developmental imaging studies provide further insight into peri-

adolescent development. Substantial reorganization and refinement of brain circuits 

occurs during adolescence. A longitudinal study of cerebral cortex grey matter volume 

shows that it peaks at ages 9-11 and then thins in a “back to front” pattern (Gogtay et 

al., 2004). Cerebral white matter follows an opposite pattern and increases in volume 

until the 5th decade of life (Tau & Peterson, 2009; Lebel & Beaulieu, 2011). Specific 

brain areas follow unique trajectories of maturation. For instance, the volumes of the 

amygdala and hippocampus increase through late adolescence and then level out, 

while the volumes of striatal compartments linearly decrease across adolescence 

(Ostby et al., 2009).  

Human imaging studies also show that circuit connectivity matures across 

adolescence (Power et al., 2010). Children and adolescents tend to show activation in 

similar brain regions as adults during tasks, but broader areas are activated in younger 

subjects (Luna et al., 2010). Functional connectivity analysis of the ACC shows that 

younger subjects have more connectivity in nearby regions compared to the strength of 

long range connections (Kelly et al., 2009). Distributed hubs of activation in the default 

network are loosely correlated in children, but are strongly correlated in adults (Fair et 

al., 2008). Diffusion tensor tractography measures of myelination and axon density in a 

longitudinal design show non-linear patterns of functional anisotropy and tract volume 

across adolescence (Lebel & Beaulieu, 2011). A general trend may be that children 

show greater connectivity with nearby ROIs, while across adolescence these local 
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connections diminish while correlations with long range ROIs increases. A combination 

of synaptic refinement and increased myelination are proposed to underlie these 

network changes. Neuroimaging studies also reveal a substantial amount of inter-

individual variability, indicating that developmental trajectories diverge, perhaps in 

concert with psychopathological outcomes.  

 A current model of human brain development proposes that development of the 

frontal cortex lags in relation to subcortical motivational systems during late childhood 

and adolescence (Casey, Getz, et al., 2008). The nucleus accumbens shows 

exaggerated activation relative to prefrontal cortex activation in adolescents (Galvan et 

al., 2006; Eshel et al., 2007; Sturman & Moghaddam, 2012). This pattern is theorized to 

account for heightened responsiveness to incentives (Galvan, 2010) with insufficient 

top-down cognitive control, resulting in risk-taking and poor decision-making in 

adolescents relative to adults.  

Human imaging studies clearly show that frontal circuits important for decision-

making undergo substantial changes in the peri-adolescent period. However these 

studies lack the resolution of individual cells or synapses, and cannot identify cell types. 

Two-photon in vivo imaging technology allows chronic imaging of neuronal structures in 

vivo with submicron resolution in animal models (Denk & Svoboda, 1997). This 

technique allows us to track the precise wiring of identified circuits across the across 

development and with experience. In Chapter 3, I employ two-photon imaging to 

observe the developmental trajectories of long-range limbic connections to frontal 

cortex. This study is of interest to developmental cognitive neuroscientists, but also 

addresses classic questions in neuroscience. Do frontal circuits also follow a pattern of 
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elaboration and pruning, or do sub-circuits follow unique trajectories? Is there a window 

of greater plasticity in frontal cortex development, and if so when does it close? 

 

Experience-dependent plasticity of circuits for behavioral flexibility 

 The strength and number of synaptic connections is generally assumed to 

underlie most of learning and memory. Pioneering studies in the development of 

sensory systems – particularly visual cortex – have shown that activity is necessary for 

the appropriate development of neural circuits (Antonini & Stryker, 1993b; Butz et al., 

2009). Perturbation of experience early in development during a ‘critical period’ has 

dramatic and long lasting effects on neural circuits (Hubel & Wiesel, 1970). Experience 

later in life also has the ability to rewire synaptic connectivity. The revolution of in vivo 

imaging techniques allowed scientists to observe, for the first time in living subjects, the 

startling amount of plasticity present even in the adult brain (Holtmaat & Svoboda, 2009; 

Fu & Zuo, 2011).  

Most early imaging studies of experience-dependent plasticity used sensory 

deprivation paradigms such as monocular deprivation or whisker plucking 

(Trachtenberg et al., 2002; Hofer et al., 2008). More recent studies have observed the 

effects of motor learning and pavlovian conditioning on structural dynamics (Xu et al., 

2009; Lai et al., 2012; Munoz-Cuevas et al., 2013; Peters et al., 2014). To my 

knowledge, there have been no studies on the impact of goal-directed learning on in 

vivo structural plasticity. In Chapter 5 I explore how associations between cues, actions, 

and outcomes that support goal-directed behavior are reflected in OFC axonal 
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projections to dmPFC. I further parse how outcomes of choice shape both behavioral 

updating and axonal structural plasticity.  
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Chapter 2 

Juvenile mice show greater flexibility in multiple  

choice reversal learning than adults 

 

“In later life we see things with a more practical 

eye…but adolescence was the only time when  

we ever learned anything.” 

 
-Marcel Proust 

“In the Shadow of Young Girls in Flower” 
 

Introduction 

The adolescent brain has often been viewed simply as an immature version of 

the adult brain. A popular, though overly simplistic, theory of adolescent development 

suggests that there is an imbalance between the early maturation of the limbic system 

relative to the later development of the prefrontal cortex, which results in sub-optimal 

patterns of decision-making (Casey, Jones, et al., 2008). The underlying assumption of 

this theory is that the frontal cortex is not working properly, and that the adolescent 

brain and behavior are dysfunctional (Chelune & Baer, 1986). In this study, we develop 

a decision-making task suitable for testing motivation and cognitive strategies across 

stages of development in rodents. Mice are trained on a foraging-based multiple choice 

odor discrimination and reversal task. We found that juvenile mice (P26-27) have 

enhanced behavioral flexibility in the reversal task compared to adults (P60-70). Lesions 

of the dorsomedial prefrontal cortex (dmPFC) impaired reversal performance in both 
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age groups, indicating that the frontal cortex is “online” and contributing to decision-

making even in juvenile mice. Our data show that the frontal cortex can support highly 

flexible behavior in juvenile mice at a time coincident with weaning and first 

independence. The unexpected developmental decline in flexibility of behavior one 

month later suggests that frontal cortex based executive function may not inevitably 

become more flexible with age, but rather may be developmentally ‘tuned’ to optimize 

exploratory and exploitative behavior for each life stage.     

 

Measuring behavioral flexibility in rodents 

Foraging for food is a behavior fundamental to the survival off all species. The 

study of foraging behaviors and associated decision making processes is likely to reveal 

conserved neural mechanisms governing choice behavior (Pearson et al., 2014). 

Specific aspects of decision-making in rodents can be assessed using foraging-based 

reversal and set-shifting paradigms inspired by the Intra-dimensional/Extra-dimensional 

Shift task developed for use in primates as well as humans by Roberts and colleagues 

(Roberts et al., 1988; Birrell & Brown, 2000; Bissonette et al., 2008). Digging tasks that 

use odor and texture cues that predict buried food reward are rapidly learned by rodents 

and likely tap ethologically relevant foraging strategies. Mice and rats can learn these 

tasks and reverse a contingency rule within hours, making them useful models to 

measure developmental changes in decision making. 

In order to compare juvenile and adult decision-making strategies in different 

conditions of uncertainty, we employed both 4-choice and 2-choice versions of a digging 

task. Reversal of a reward contingency in an odor discrimination 4-choice task requires 
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feedback utilization and behavioral inhibition. Multiple potential choices modulate the 

load on working memory and attention (Kim & Ragozzino, 2005; D'Cruz et al.), and may 

better approximate the wide variety of choice in an open environment. A 2-choice 

digging task which includes reversals and attention shifts has been more commonly 

studied in rodents, and uses complex multimodal stimuli to create uncertainty. In the 2-

choice digging task, only one dimension of a stimulus (e.g. odor) predicts the location of 

a reward while the other dimension (e.g. texture) provides irrelevant information. An 

attention set-shift component of the task requires the mice to transfer the rule of which 

dimension is rewarded to a new set of compound stimuli (intra-dimensional shift; IDS). 

The strength of learning of the attention set for that dimension can be challenged when 

the previously irrelevant dimension is rewarded (extra-dimensional shift; EDS) (Birrell & 

Brown, 2000). We hypothesized that the presence of multiple choices in the 4-choice 

task might be a better model for the demands of a naturalistic foraging environment and 

make the task more sensitive to performance errors, and therefore reveal differences in 

decision-making strategies employed by juvenile mice compared to adults.  

 

Previous lesion studies in digging tasks 

Maturation of the frontal cortex is thought to drive changes in behavior during 

peri-adolescent development. Previous studies have shown that regions of frontal 

cortex have dissociable roles in cognitive flexibility. Lesion studies in rodents have 

shown that orbitofrontal lesions impair 2-choice reversal learning while medial prefrontal 

cortex lesions impair performance on extra-dimensional shifts (Birrell & Brown, 2000; 

McAlonan & Brown, 2003; Kim & Ragozzino, 2005; Bissonette et al., 2008). Inactivation 
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of the dmPFC (centered on the cingulate) in rats disrupts reversal performance on a 4-

choice reversal task (Ragozzino & Rozman, 2007). To confirm the involvement of the 

frontal cortex in reversal learning in mice at different ages, we compared performance of 

juvenile and adult mice with sham operations and dmPFC lesions targeting the 

cingulate region in the 4-choice odor discrimination and reversal task. 

 

Methods 

Animals 

Male C57BL/6 mice were bred in our animal facility and were housed on a 

12h/12h reverse light-dark cycle (lights on at 10PM). Mice were weaned on postnatal 

day (P) 21 and group housed with nesting material and toys. Food restriction began 

three days before behavioral pre-training. During food restriction, juvenile mice were 

given 1.5-1.8 g of food per day and continued to gain weight throughout the experiment. 

Juvenile mouse weights on testing day ranged from 8-11.7 g (M=106±1.41% of weaning 

weight). Age matched mice that were not food restricted gained a similar percentage of 

weight by P26 (M=109±1.18% of weaning weight). Adult mice were moderately food 

restricted and ranged from 17.5-23.4 g at testing (M=87±0.89% of ad libitum weight). 

Water was freely available both in the homecage and in the maze during all phases of 

behavioral testing. All animal procedures were approved by the Ernest Gallo Clinic and 

Research Center Institutional Animal Care and Use Committee. 

 

 

 



16 
 

dmPFC lesions  

Bilateral stereotactic lesions were made in the dmPFC of juvenile and adult mice 

three days before behavioral pre-training. Lesions were made under isoflurane 

anesthesia using established coordinates (Franklin & Paxinos, 2008). Intramuscular 

dexamethasone (0.06 mg/kg; Vedco, St. Joseph, MD) was administered prior to 

surgery. Using a Nanojet II injector (Drummond Scientific Company, Broomall, PA), 0.1 

µl of NMDA (20 mg/ml in sterile 0.9% saline) was injected at four lesion sites (AP, 

+1.7mm or +0.6mm; ML, ±0.5mm;V, 0.4mm at rostral position or 0.8mm at caudal 

position). For control sham operations, saline vehicle was injected at the same 

coordinates. Prior to surgery and during recovery, mice were given access to 0.5 mg/ml 

cherry-flavored acetaminophen solution (Perrigo, Allegan, MI) and 0.7 mg/ml oral 

sulfamethoxazole with 0.1 mg/ml trimethoprim antibiotic solution (Hi-Tech Pharmacal, 

Amityville, NY) in drinking water. 

 

Apparatus 

The 4-choice maze was a square box 12”x12”x9” constructed of 0.25” clear 

acrylic (Figure 1a). Four internal walls measuring 3” wide partially divided the four 

quadrants. Odor stimuli were presented in white ceramic pots measuring 2.875” 

diameter and 1.75” deep. Pots were sham baited with a Honey Nut Cheerio (General 

Mills, Minneapolis, MN) secured underneath a mesh screen at the bottom. A 6” 

diameter removable cylinder fit in the center of the maze and was lowered between 

trials (after a digging response) to isolate the mouse from the rest of the maze.  
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A smaller maze constructed of 0.25” clear acrylic measuring 7.5”x7.5”x7.5” was 

used in the 2-choice discrimination test (Figure 1b). The maze was divided by a 

removable gate into a start compartment and two smaller 3”x3” compartments for the 

digging pots. The digging pots were acrylic boxes measuring 2.5”x2.5”x2.5”.  

 

Four-choice odor discrimination and reversal pre-training  

The 4-choice odor discrimination and reversal task was adapted from Kim and 

Ragozzino (2005). The first day of pre-training was a habituation session to familiarize 

the mice with the maze and pots. Small pieces of Honey Nut Cheerio (approximately 10 

mg each) were placed inside of four empty digging pots, one in each of the four 

quadrants. The mouse was placed in the start compartment. The cylinder was then 

lifted and the mouse was allowed to explore the maze and consume the cereal pieces in 

the pots. After 10 minutes, the mouse was returned to the start cylinder and the pots 

were re-baited. This procedure was repeated for a total habituation time of 30 minutes. 

The maze was wiped with 70% ethanol between animals. 

The second day of pre-training was a shaping session to teach the mice how to 

dig to find cereal pieces buried in coarse pine wood shavings (Hartz Mountain 

Corporation, Secaucus, NJ). One pot with increasing amounts of wood shavings 

covering the cereal reward was used in this shaping phase. The quadrant containing the 

pot was alternated in each trial (SE to NW to SW to NE) and all quadrants were 

rewarded equally. Trials were untimed and consisted of two trials with no shavings 

covering the cereal piece followed by two trials with a dusting of shavings, two trials 

where the pot was a quarter full, two trials of half full pots, and finally four trials with the 
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cereal piece completely buried. Most animals retrieved the reward in the 12 total 

shaping trials within one hour.   

 

Four-choice odor discrimination and reversal test procedure  

Wood shavings were scented on the day of testing. Anise extract (McCormick, 

Hunt Valley, MD) was used undiluted at 0.02 ml/g of shavings. Clove, litsea, and 

eucalyptus oils (San Francisco Massage Supply Co., San Francisco, CA) were diluted 

1:10 in mineral oil and mixed at 0.02 ml/g of shavings. Thymol (“thyme”; Alfa Aesar) was 

diluted 1:20 in 50% ethanol and mixed at 0.01 ml/g of shavings. The odors used in the 

initial discrimination and reversal phases are listed in Table 1. 

 
Table 1. Four-choice odor stimuli. 

 O1 O2 O3 O4 
Discrimination Anise Clove Litsea Thyme 
Reversal Anise Clove Litsea Eucalyptus 
 

During the initial discrimination phase, the animal had to discriminate among four 

odors and learn which one was associated with a buried Cheerio reward. The stimulus 

presentation was pseudo-randomized such that an odor was never in the same 

quadrant two trials in a row. Each trial began with the mouse confined to the central 

start cylinder, which was equidistant to all the odor pots. Timing began when the 

cylinder was lifted. Entry to each quadrant was recorded if all four paws crossed 

beyond the perimeter of the start area. The mouse could freely explore the arena until it 

chose to dig in a pot. Latency was the time elapsed until a dig. Digging was defined as 

purposefully moving the shavings with both front paws, but not as superficial sniffing or 
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chewing of the shavings. The cylinder was lowered as soon as the mouse initiated 

digging to prevent multiple digging choices. If an incorrect choice was made, then the 

trial was terminated and the mouse was returned to the start cylinder. All pots were 

removed from the maze and re-baited, if necessary, between trials. A trial was 

terminated if no choice was made within three minutes and was recorded as an 

omission. Analysis of entries or latency did not include omission trials. If the animal had 

two omission trials in a row, digging was reinstated by placing a pot of unscented 

shavings with a well exposing the cereal piece in the start cylinder. After three pairs of 

omission trials (unusual), the currently rewarded odor pot was placed in the start 

cylinder with a well exposing the cereal piece. These hint trials were not included in the 

final analysis. Criterion was met when the animal completed 8 out of 10 consecutive 

trials correctly. 

Once criterion was met on the discrimination phase, the animal moved on to the 

reversal phase immediately within the same session. All shavings were replaced with 

new shavings to prevent discrimination via unintentional cues. Odor four was swapped 

out for a novel odor. Perseverative errors were choices to dig in the pot with the 

previously rewarded odor. Irrelevant errors were choices to dig in the pot with the odor 

that was never rewarded. Novel errors were choices to dig in the pot with the newly 

introduced odor, which was also never rewarded. The mouse had to reach criterion by 

completing 8 out of 10 consecutive trials correctly. Animals typically completed both 

discrimination and reversal phases within three hours. Before being returned to the 

homecage, the mouse was placed in a container containing shavings bearing all five 

odors to prevent transmission of an odor preference to its cagemates (Galef, 1977).   
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Two-choice reversal and attention set-shift pre-training 

 Mice are able to perform a digging-based attention set-shift task similar to that 

used in rats (Garner et al., 2006). On the first day of pre-training the mice were 

habituated to the maze. Mice began in the start compartment with the gate down. The 

gate then was lifted and the mouse was allowed to explore and consume a piece of 

cereal from each of two empty pots. The mouse was returned to the start and the pots 

were re-baited every five minutes for a total habituation time of 30 minutes. 

Mice learned to dig in wood shavings to find a buried cereal piece on the second 

day of pre-training. Two pots were used and the mouse had to consume cereal pieces 

from both pots to complete a trial. Shaping trials progressed from one trial with empty 

pots to one trial with a dusting of shavings, one trial with a quarter full pots and one trial 

with half full pots. The final three trials consisted of the presentation of two pots full of 

shavings, each containing a buried piece of cereal. 

 

Two-choice reversal and set-shift test procedure 

Odor and texture stimuli used in each phase of the 2-choice task are listed in 

Table 2. Cinnamon, vanilla, almond, and coconut extracts (McCormick, Hunt Valley, 

MD) were mixed undiluted with wood shavings (0.02 ml/g of wood shavings). 

Lemongrass and blood orange oil (San Francisco Massage Supply Co., San Francisco, 

CA) were diluted 1:10 in mineral oil and mixed at 0.02 ml/g with shavings. Each texture 

pair consisted of reverse sides of the same material to ensure consistent odor cues. 

Textured materials were wrapped around the outside, rim, and interior of the digging 
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pots. The identity of the rewarded exemplar from each pair was balanced across each 

group. There were four possible combinations of odor and texture in each phase. These 

were presented pseudo-randomly and balanced for spatial location.  

 

Table 2. Two-choice exemplar combinations. 
Day Phase Odor  Texture  
  O1 O2 T1 T2 
1 CD Cinnamon Vanilla Velvet Reversed Velvet 
2 OVT Cinnamon Vanilla Velvet Reversed Velvet 
3 OVT Cinnamon Vanilla Velvet Reversed Velvet 
4 CDR Cinnamon Vanilla Velvet Reversed Velvet 
5 IDS Almond Coconut Diaper Paper Reversed Diaper Paper 
6 IDR Almond Coconut Diaper Paper Reversed Diaper Paper 
7 EDS Orange Lemongrass Sandpaper Reversed Sandpaper 
 

A trial commenced with the animal in the start compartment and timing began 

when the start gate was lifted. The latency to dig was recorded using the same 

definition of digging as the 4-choice task. If the mouse did not dig within five minutes, 

the trial was terminated and recorded as an omission. Omission trials were rare in the 

2-choice task (1% of trials). The animal reached criterion when it correctly completed 8 

out of 10 consecutive trials.  

The first day of training was a compound discrimination (CD) in which the pots 

could be distinguished by either odor or texture information, but only odor was the 

relevant rewarded dimension. Days 2 and 3 were overtraining (OVT) on the same 

stimulus pairs from CD to a criterion of 45 correct trials over two days. On day 4, the 

learned association from CD was reversed (CDR) such that the previously unrewarded 

odor in the pair became rewarded. Day 5 was an intra-dimensional shift (IDS) that 

introduced a new set of stimuli in which odor remained the dimension predictive of 
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reward and texture provided irrelevant information. Day 6 reversed (IDR) the rewarded 

odor from IDS. The final day of training was an extra-dimensional shift (EDS) where a 

novel compound discrimination was presented, but the texture dimension now predicted 

in which pot the reward was buried. Thus, after six days of developing an attention set 

for odor the animal was required to shift attention to the previously irrelevant texture 

dimension. Others have shown that the development of an attention set requires several 

sessions of experience with the initial rewarded dimension, including overtraining on 

CD, intra-dimensional shift (IDS), and intra-dimensional reversal (IDR) (Garner et al., 

2006; Bissonette et al., 2008). 

 

Histology and immunohistochemistry 

Lesion and control operated animals were transcardially perfused with 4% 

paraformaldehyde in PB (0.1 M, pH 7.4) promptly after training. Coronal sections (50 

µm) were cut using a vibratome and adjacent sections were stained using cresyl violet 

and rabbit anti-GFAP (Chemicon) antibodies using standard methods (Bissonette et al., 

2008). To trace the extent of the lesions, cresyl violet and anti-GFAP stained images 

were overlaid with electronic images from an adult mouse brain atlas (Franklin & 

Paxinos, 2008) using Adobe Photoshop CS4.  

 

Statistical analysis 

  Values are reported as mean ± SEM. Two-tailed t-tests were used for all 

statistical comparisons, unless otherwise noted. An extra sum-of-squares F test was 
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used to compare cumulative performance data models. Statistical significance was set 

at P<0.05. Analysis and graphing were performed with GraphPad Prism v5.05.  

 

Results 

Four-choice odor discrimination and reversal 

We compared juvenile (N = 12) and adult (N = 11) mice in a 4-choice odor 

discrimination and reversal paradigm. Juveniles required fewer trials than adults to 

reach criterion in the initial discrimination phase [t(21)=2.08, P<0.05] (Figure 1c). In the 

reversal phase, a previously irrelevant odor (Odor 2) predicted the location of the 

reward and a novel odor (Odor 4) was introduced (Table 1). During the reversal phase, 

juvenile mice reached criterion in significantly fewer trials than adults [t(21)=3.22, 

P<0.01] (Figure 1c) and made significantly fewer errors [t(21)=2.95, P<0.01] (Figure 1d). 

Further analysis of reversal error type revealed that juveniles made significantly fewer 

perseverative errors [t(21)=2.77, P<0.05], significantly fewer irrelevant errors 

[t(21)=2.30, P<0.05], and had fewer omission trials [t(21)=3.08, P<0.01]. There was no 

significant difference in novel errors [t(21)=1.70, P=0.10] (Figure 1d). We also compared 

the trial number upon which mice made the first novel error and found no significant 

difference between age groups [juvenile: M=5.33 ±1.51; adult: M=10.18 ±3.62; 

t(21)=1.28, P=0.22]. The number of choices to dig in each odor was normalized to the 

total number of trials completed by the animal during the reversal phase. Juveniles dug 

in the rewarded odor in a significantly greater percentage of trials [t(22)=5.00, 

P<0.0001]. In contrast, adults dug in the rewarded and previously rewarded odors a 

similar percentage of trials [t(20)=0.46, P=0.65] (Figure 1d). 
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Figure 1. Juvenile mice show 
greater behavioral flexibility in a 4-
choice odor discrimination and 
reversal task. (A and B) Schematic 
of arena used in 4-choice task. Mice 
learned to discriminate among four 
odor choices to find a buried cereal 
reward. The odor cue-reward 
contingency was reversed in the same 
session, and a novel odor was 
introduced. (C) Juvenile mice required 
fewer trials to reach criterion in both 
the discrimination and reversal phase. 
(D) Analysis of reversal error type 
shows that juvenile mice made fewer 
total, perseverative, and irrelevant 
errors compared to adults. (E) The 
number of choices to dig in an odor is 
plotted as a percentage of total trials. 
Juvenile mice dug in the rewarded 
odor pot more often than all other 
choices, while adults dug equally in 
the previously rewarded and currently 
rewarded odor pots during the 
reversal. The dotted line represents 
chance performance. Bars represent 
mean ± SEM. *P<0.05; **P<0.01; 
***P<0.001; ****P<0.0001, 
uncorrected. 
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We further explored the time course of reversal learning in juvenile and adult 

mice during the 4-choice task. The cumulative number of rewards achieved was plotted 

vs. trial number (Figure 2a). In this plot, an animal with perfect performance would have 

a slope of one, whereas errors result in flattening of the slope. If errors were evenly 

distributed, then the data would be best-fit by a straight line. However, if errors were 

concentrated at the beginning of the reversal and rewards were accumulated near the 

session end, then the data would be best-fit by an exponential in the form of 

Y=Y0*exp(X/τ) where tau (τ) is the time constant. The data were best-fit by exponential 

growth curves [juvenile: R2=0.74, τ=11.41 trials, 95% CI(10.60,12.35); adult: R2=0.70, 

τ=17.35 trials, 95% CI(16.21,18.67)] (Figure 2b). Comparison using an extra sum of 

squares F test showed a significant difference in age groups in reward accumulation 

[F(1,635)=49.62, P<0.0001].  

We next examined the accumulation of rewards after the first correct trial during 

reversal to see if juveniles and adults differed in reward accumulation after receiving 

positive feedback (Figure 2c; data are plotted for only eight trials because after that 

point some animals have reached criterion). These data were best-fit by straight lines 

[juvenile: R2=0.80, slope=0.62, 95% CI(0.59,0.65); adult: R2=0.47, slope=0.50, 95% 

CI(0.45,0.55)]. Again, comparison using an extra sum of squares F test showed that the 

rate of reward accumulation after the first correct trial in reversal was significantly 

different between juveniles and adults [F(1,205)=16.63, P<0.0001]. 
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Figure 2. The time course of reversal 
learning following feedback is 
different between juvenile and adult 
mice. (A) The cumulative number of 
rewards achieved is plotted against trial 
number. Each line represents one 
animal. Although juvenile and adult 
mice achieved a similar number of 
rewards, adult mice required more 
trials to do so. (B) Exponential growth 
curves best model the course of 
reversal learning. Juveniles 
accumulated rewards at a greater rate 
than adults (P<0.0001; juvenile: 
τ=11.41; adult: τ=17.35). (C) To 
investigate changes in behavior after 
positive feedback, the cumulative 
number of rewards was aligned for all 
subjects to the trial the first reward was 
achieved. Lines represent individual 
animals, and adult lines are offset 
when overlapping juveniles to enhance 
visibility. (D) Straight lines best model 
the rate of reward accumulation after 
the first correct response in the 
reversal phase. Juveniles show a 
steeper rate of accumulating rewards 
after positive feedback than adults 
(P<0.0001). Dashed lines in B) and D) 
show the 95% confidence interval. 
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Behavior within each trial during the 4-choice reversal task also differed between 

adults and juveniles. Juvenile mice showed significantly shorter latency to dig when 

compared to adults [t(21)=2.31, P<0.05]. When trials were separated by performance, 

juveniles showed significantly shorter latency to dig on incorrect trials [t(21)=2.69, 

P<0.01] but not on correct trials [t(21)=1.41, P=0.17] (Figure 3a). Juveniles also made 

significantly fewer entries to the four arena compartments in the reversal [t(21)=4.98, 

P<0.0001], as well as when trials were divided into incorrect [t(21)=3.47, P<0.01] and 

correct trials [t(21)=3.04, P<0.01] (Figure 3b). However, there was no difference 

between juveniles and adults in the rate of entries per minute [juvenile: M=6.99±1.02; 

adult: M=11.60±3.17; t(21)=1.44, P=0.17] indicating that speed alone cannot account for 

the differences in latency or entries. Entries to each odor were plotted as percentages of 

total entries (Figure 3c). Juveniles made proportionally more entries to the rewarded 

odor compared to the other odors [previously rewarded: t(21)=4.33, P<0.001; irrelevant: 

t(21)=6.97, P<0.0001; novel t(21)=6.51, P<0.0001, uncorrected P value shown]. In 

contrast, adults made entries to all the odors equally [previously rewarded: t(20)=0.37, 

P=0.71; irrelevant: t(20)=0.75, P=0.75; novel t(20)=1.38, P=0.18, uncorrected P value 

shown].   
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Figure 3. Measures of motivation and 
response planning differ between 
juvenile and adult mice in 4-choice 
reversal learning. (A) Latency to dig 
was significantly shorter in juvenile mice, 
but there was no difference from adult 
mice when only correct trials were 
considered. (B) Juvenile mice made 
significantly fewer entries within a single 
trial for both incorrect and correct trials. 
Bars represent the mean ± SEM. (C) The 
number of entries in a reversal trial is 
plotted as a percentage of the total trial 
entries. Juvenile mice made a 
significantly greater proportion of entries 
to the rewarded odor quadrant while 
adult mice made entries to all the 
quadrants equally. The dotted line shows 
the chance level of encountering the 
quadrants. Note, the location of the 4 
odors was changed in each trial. ns 
P>0.05; *P<0.05; **P<0.01; ***P<0.001; 
****P<0.0001, uncorrected. 
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Two-choice reversal and attention set-shift 

Separate groups of juvenile (N=6) and adult (N=7) mice were trained on a 2-

choice attention set-shift task. There were no significant differences between juvenile 

and adult mice in the number of trials to reach criterion on any phase of the task [CD: 

t(11)=1.28, P=0.23; CDR: t(10)=0.06, P=0.95; IDS: t(11)=1.30, P=0.22; IDR: t(11)=1.27, 

P=0.23; EDS: t(11)=1.28, P=0.23] (Figure 4c). Both juveniles and adults required 

significantly more trials to complete CDR compared to IDR [juvenile: t(11)=2.30, P<0.05; 

adult: t(11)=2.24, P<0.05]. If the mice developed an attention set, then EDS should 

require more trials to complete than IDS. Both juveniles and adults took significantly 

more trials to reach criterion on EDS compared to IDS [juvenile: t(11)=3.93, P<0.01; 

adult: t(11)=4.44, P<0.001]. Furthermore, there was no difference in the number of 

errors made during overtraining on CD, suggesting that juveniles and adults showed 

comparable discrimination learning and set maintenance [juvenile: M=5.33±1.91; adult: 

M=10.14±2.22; t(11)=1.61, P=0.14].  

We further compared performance on rule switching (reversals and shifts) 

relative to performance in discrimination learning comparing switch costs for different 

phases of the 2-choice. The switch cost was calculated for each animal as the ratio of 

trials to criterion in a rule switch stage divided by the trials to learn a new set of stimuli in 

a compound discrimination. For each subject, we calculated the switch cost ratio for 

CDR/CD, IDR/IDS, and EDS/IDS (Figure 4d). A ratio of one meant that the mice did not 

show a switch cost, while a higher ratio indicated that the new rule required relatively 

more trials to learn than in initial discrimination. We found that on average juveniles 

showed lower switch costs than adults in IDR [juvenile: M=0.96±0.71; adult: 
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M=1.81±0.34; t(11)=2.28; P<0.05]. However, juveniles and adults had similar switch 

costs following overtraining in CDR [juvenile: M=1.74±0.29; adult: M=1.96±0.66; 

t(11)=0.31; P=0.77], and also in EDS [juvenile: M=2.72±0.48; adult M=2.62±0.42; 

t(11)=0.15; P=0.88].  

 

dmPFC lesions and 4-choice odor discrimination and reversal 

To investigate the contribution of the frontal cortex to cognitive flexibility in the 4-

choice reversal task in mice, we made excitotoxic lesions and control vehicle injections 

in a separate group of juvenile (lesion: N=14; sham: N=11) and adult mice (lesion: 

N=11; sham: N=9). In the initial odor discrimination, lesions significantly improved 

acquisition of the task relative to shams in the adult group [t(18)=3.13, P<0.01] but not 

in juveniles [t(23)=0.06, P=0.95] (Figure 5a,b). During the initial discrimination, adult 

lesion mice made fewer errors after the first correct response compared to sham 

operated littermates [sham: M=11.78±1.05; lesion: M=7.27±0.95; t(18)=3.17, P<0.01]. 

Juvenile lesion mice made a similar number of errors as shams after the first correct 

response [sham: M=11.18±1.80; lesion: M=10.21±2.47; t(23)=0.30, P=0.77] in the 

discrimination. In the reversal phase, lesions significantly increased the number of trials 

to reach criterion for both juveniles and adults [juvenile: t(23)=2.64, P<0.05; adult: 

t(18)=2.49, P<0.05] (Figure 5a,b). Figure 5c shows illustrations of the minimum, 

representative, and maximum extent of lesions in juveniles and adults. Cell loss was 

clearly visible with cresyl violet histology in the cingulate cortex, and portions of 

prelimbic and secondary motor (M2) cortices in some animals (Figure 5c,d). 

Immunoreactivity for the activated glial marker GFAP was observed at the edges of the 
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lesions identified by cresyl violet staining (Figure 5d,e). We compared the rate of entries 

per minute between lesion and sham operated mice to test for gross coordination or 

locomotion deficits resulting from any damage to motor cortex. No significant 

differences in the rate of entries were found comparing sham and lesion animals in 

either juveniles [t(23)=0.20, P=0.83] or adults [t(18)=1.94, P=0.10] (Figure 5f).  
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Figure 4. Juvenile and adult 
performance on a 2-choice 
attention set-shift task. (A and B) 
Schematic of 2-choice arena. 
Compound stimuli had an odor 
dimension (scented digging material) 
and a texture dimension (texture 
wrapped around outside of pot). Mice 
learned a series of compound 
discriminations (CD; IDS) and 
reversals (CDR; IDR) over the course 
of 6 sessions in which odor was the 
rewarded dimension and texture was 
irrelevant. On the final day, the 
attention set of the mice was 
challenged by an extra-dimensional 
shift (EDS) in which texture was now 
the rewarded dimension. (C) Juvenile 
and adult mice did not show 
differences in the number of trials to 
reach criterion on any task stage. 
Both age groups required more trials 
to complete CDR (after overtraining) 
than IDR. Juvenile and adult mice 
also required more trials to complete 
EDS compared to IDS, indicating the 
formation of an attention set. (D) The 
switch cost is the ratio between the 
trials to criterion in a rule switch 
stage divided by trials to learn the 
compound discrimination before the 
switch. Juveniles had a significantly 
lower switch cost in the IDR phase, 
but were not different from adults 
after overtraining in the CDR phase, 
or in the EDS phase. Bars represent 
the mean ± SEM. *P<0.05; **P<0.01; 
***P<0.001, uncorrected. 
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Figure 5. Lesions of the dmPFC impair 4-choice reversal learning in juvenile and 
adult mice. Trials to reach criterion in the odor discrimination and reversal for lesion 
and control sham operated juvenile (A) and adult (B) mice. Juvenile lesioned mice 
required significantly more trials on the reversal phase compared to age-matched sham 
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controls. Adult lesioned mice required fewer trials to achieve criterion in the 
discrimination phase and more trials than sham controls to reach criterion during the 
reversal phase. Bars represent the mean ± SEM. *P<0.05; **P<0.01. (C)  The maximum 
extent of bilateral excitotoxic lesions are shown in the lightest grey; medium grey 
indicates representative lesion size of the majority of animals; and black illustrates the 
minimum lesion extent. The middle column shows Nissl staining of a representative 
lesion. Drawings were adapted from Franklin and Paxinos, 2008. No significant damage 
was observed in sham operated mice. (D) Low power magnification of Nissl stained 
section of lesioned brain. (E) Adjacent section showing GFAP immunoreactivity at the 
border of the lesioned area. Images in D and E were taken at 4x magnification. (F) 
There was no significant difference in the rate of entries per minute between lesion and 
sham mice suggesting there was no gross motor impairment induced by the lesion. 
Bars represent the mean ± SEM. 
 
 
Discussion 

In our study of mice performing a 4-choice reversal task, juvenile mice show 

greater efficiency and therefore greater flexibility in learning to reverse an association 

(Figure 1c, Figure 2b). Juvenile mice more quickly abandon digging in the previously 

rewarded odor pot after the reward contingency is changed, committing fewer 

perseverative errors than adults (Figure 1d). After the first reward was achieved in the 

reversal phase, juveniles continued to earn rewards at a higher rate than adults (Figure 

2d). These data suggest that juvenile mice adjust their response to both positive and 

negative outcomes and that their adjustment behavior in a 4-choice reversal task is 

more sensitive to recent outcomes when compared to adults. This difference between 

juveniles and adults may be due to faster updating of outcome expectancy or action 

selection or both, and is likely facilitated by a heightened responsiveness to incentives 

that emerges in the peri-adolescent period (Wilmouth & Spear, 2009; Galvan, 2010; 

Sturman et al., 2010).   
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On the surface, slower reversal in adult mice compared to juveniles in the 4-

choice task seems in stark contrast to a large literature showing increasing 

improvement in flexible cognition with development in young humans (Chelune & Baer, 

1986; Luciana & Nelson, 1998; Cepeda et al., 2001; De Luca et al., 2003; Crone et al., 

2004; Rhodes, 2004; Romine et al., 2004; Crone, Donohue, et al., 2006; Huizinga & van 

der Molen, 2007). A more detailed exploration of strategies used by adolescents and 

adults across decision-making paradigms clarifies these findings.  

Our results may be consistent with subtle observations of strategy from a 

developmental study of the Iowa Gambling Task (IGT) (Cassotti et al., 2011). The IGT is 

intended to model real life decision-making, requiring integration of rewards and costs of 

different sizes and probabilities, and is sensitive to prefrontal cortex damage (Bechara 

et al., 1994).  Overall, adults show more optimal card choice than adolescents (10-14) 

and children (9-10) in the IGT, integrating costs and benefits over the entire task to 

choose the most lucrative strategy. However, an analysis of card choice patterns shows 

that adults switch less often and perseverate more following a loss (using a lose-stay 

strategy) compared to children or adolescents. In the same task, adolescents’ deck 

choices are driven by a desire to minimize frequency of punishment. The behavior of 

children and adolescents in the IGT is quantitatively non-optimal in the long run in the 

stable context of the IGT. However, it does appear to be driven by a sensitive 

behavioral strategy that weighs negative and positive outcomes and their temporal 

integration in a manner different to adults.   

A number of other studies have also highlighted the salience of negative or 

aversive feedback in adolescence. Performance in a probabilistic reversal task in 
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humans showed that adolescents (ages 13-17) exceled at updating behavior after 

unexpected punishment (lose-shift strategy) (van der Schaaf et al., 2011). This age 

group had enhanced performance over both children and young adults. In the same 

study, performance in response to unexpected reward (win-stay) increased in a linear 

fashion, reaching adult levels by age 13. A fMRI study described a similar enhanced 

response to negative feedback in juveniles (8-11) in a probabilistic reinforcement 

learning task. The functional connectivity between the ventral striatum and medial 

prefrontal cortex was predictive of the lose-shift strategy (van den Bos et al., 2012).  

Juvenile mice showed shorter latencies in solving the 4-choice reversal task 

(Figure 3a) and less exploratory entries (Figure 3b). Additionally, analysis of the search 

pattern of entries showed that juveniles spent proportionally more time near the 

rewarded odor pot than with irrelevant odor pots, while adults explored all the odor pots 

equally (Figure 3c). This is consistent with the idea that motivational systems, response 

planning, and decision making strategy under conditions of uncertainty differ between 

juvenile and adult mice. We hypothesize that this difference is due to either increased 

sensitivity to anticipated reward and/or the high probability of predation risk that juvenile 

mice are likely to encounter during trial and error exploration of a new environment at 

the time of first independence (Mabry & Stamps, 2008). Motivational and cognitive 

systems may be tuned not only to maximize foraging success, but also to manage 

alternate risks, like predation (Arcis & Desor, 2003), that may also vary with the lifespan.  

In a second experiment, we compared a new set of juvenile and adult mice on a 

commonly used 2-choice reversal and set-shift task (Figure 4). We found that there was 

no difference in reversal or set-shift performance between juveniles and adults on this 
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task (Figure 4c). However, we did find that switch costs varied as a function of prior 

experience with a rule (Figure 4d), in accord with previous studies (Garner et al., 2006; 

Bissonette et al., 2008). Juvenile mice had lower switch costs than adults in a reversal 

(IDR), but switch cost for juveniles rose to adult levels after overtraining (CDR) (Figure 

4d). These data suggest that decision-making differences between adults and juveniles 

are magnified under conditions of uncertainty when they have less experience with a 

rule and context.  

A similar study to ours (Newman & McGaughy, 2011) observed that adolescent 

rats (P40-53) take more trials to reach criterion in a digging based 2-choice reversal and 

EDS task than adult rats (P66-80). The contrast of these results with our finding that 

juvenile mice performed similarly to adults in the 2-choice task (Figure 4c) may be 

explained partially by the difference in species and developmental stage at testing. Our 

young mice were tested in early adolescence before the onset of puberty, while the rats 

in the Newman and McGaughy study were tested in mid- to late adolescence. 

Additionally, the experimental design of the 2-choice digging task differed in several key 

aspects between the studies. Newman and McGaughy (2011) used the spatially 

overlapping cues of odor and digging media as the initial rewarded dimensions. In our 

2-choice study, the rewarded dimensions of odor and digging pot texture (pots 

contained equivalent digging media) were spatially segregated. It is possible that 

juvenile rodents are impaired at distinguishing spatially overlapping stimulus features 

(Barrett & Shepp, 1988), but are not more generally impaired in behavioral flexibility.  

Different levels of uncertainty, in terms of chance and risk, also distinguish 4-

choice and 2-choice tasks (D'Cruz et al., 2011). Two-choice reversal tasks are more 
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commonly employed and have a chance probability of reward of 50%. When one choice 

is eliminated, it is certain that the other remaining choice contains the reward. Reversal 

in a 4-choice task reduces the chance probability of reward to 25%. Even when one 

choice is eliminated, it impossible to know which of the remaining choices is rewarded. 

Thus, subsequent decisions involve risky trial and error learning. A fMRI study in human 

subjects showed enhanced activation of ventral striatum, midbrain, and motor cingulate 

regions during a 4-choice compared to a 2-choice task (D'Cruz et al., 2011). These data 

suggest that in a juvenile or adolescent animal, developmental differences in both 

motivational and cognitive systems could have then been magnified by testing with 4- 

vs. 2- choice design.   

Subcortical motivational systems and cortical association areas connect via 

cortical basal ganglia loops, and therefore maturation of either or both systems likely 

impact developmental changes in outcome sensitive decision-making (van den Bos et 

al., 2012). We show that dmPFC lesions, impact reversal performance in a 4-choice 

task in both juvenile and adult mice (Figure 5). These data suggest that in mice the 

frontal cortex contributes to performance in this task, but we do not mean to suggest 

that changes in this brain region are the sole source of the behavioral difference 

between juvenile and adult mice. However, a study showing “surprise signals” (that 

encode unsigned reward prediction errors) in the anterior cingulate cortex of macaques  

suggests that the cingulate may be a critical region for rapid adjustment of behavior in 

response to both positive and negative feedback, particularly under conditions of 

novelty and uncertainty (Hayden, Heilbronner, et al., 2011; Amiez et al., 2012).   
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Novelty seeking has been shown to be greater in adolescence in rodent studies 

of spatial exploration (Macrì et al., 2002; Laviola et al., 2003). However, the juvenile 

mice in our study show similar responses to a novel odor when compared to adults 

(Figure 1d,e). Our mice (males) were P26-27 when they performed the task, which is 

three days after the time that mice will naturally wean (König & Markl, 1987). In female 

mice this is the time of vaginal opening and just before the first estrus (Chehab et al., 

1997). It is possible an enhanced interest in novelty does not apply across all behavioral 

domains or emerges after puberty in mice. The precise temporal changes in reversal 

learning performance between P26 and P60, and their relationship to puberty have yet 

to be explored. Furthermore, all the mice in our study were male. Future studies will 

investigate this behavior in females at different life stages. As females and males 

typically follow different patterns of natal site dispersal in all species to prevent 

inbreeding, we predict that female mice may show differences in decision-making with 

age when compared to males.  

 

Conclusions 

During the peri-adolescent period, motivational systems show greater sensitivity 

to salience (Wilmouth & Spear, 2009; Galvan, 2010; Sturman et al., 2010) and 

laboratory measures of flexible goal-directed behavior begin to approach adult levels 

(Chelune & Baer, 1986; Luciana & Nelson, 1998; De Luca et al., 2003; Crone et al., 

2004; Rhodes, 2004; Romine et al., 2004; Crone, Donohue, et al., 2006; Huizinga & van 

der Molen, 2007). Yet, decision-making skills in children and adolescents are often 

compared to decision-making skills in adult patients with frontal lobe damage (Chelune 
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& Baer, 1986; Crone & van der Molen, 2004). These comparisons imply that young 

brains are operating in an impaired or suboptimal fashion, essentially without a frontal 

cortex. Our data show that under conditions that enhance choice uncertainty, juvenile 

mice show more rapid reversal learning than adults. We suggest that the frontal cortex, 

and decision-making circuits generally, are operative in juveniles and in adults, but that 

they integrate information and evaluate actions and outcomes differently. Differences in 

the incentive salience of recent behavioral outcomes, in particular, may drive juveniles 

to more rapidly update their behavior. We hypothesize that when altricial animals 

transition to first independence they may engage unique decision-making strategies 

evolutionarily optimized for the instability of this life stage.   

  



41 
 

Chapter 3 

Through the looking glass: Developmental maturation of  

long-range limbic afferents to frontal cortex 

 

 

 

Introduction 

Decision-making strategies change across development (Chapter 2) and are 

thought to mature in parallel with the development of the frontal cortex (Paus et al., 

2008). A second wave of neural circuit organization and refinement begins in late 

childhood and spans into young adulthood. This span of years is a highly dynamic 

period for brain development, showing acceleration of changes at both the network and 

synaptic level. Longitudinal human imaging studies show that cerebral cortex grey 

matter (Gogtay et al., 2004) thins while white matter increases across development 

(Lebel & Beaulieu, 2011). Maturation of brain circuitry generally proceeds from rostral to 

caudal areas, with maturation of the frontal cortex occurring later in development. 

Analyses of functional connectivity and tractography also show that long range circuit 

-Illustration by John Tenniel for “Through the 

Looking-Glass and What Alice Found There” 
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connectivity increases across adolescence (Fair et al., 2008; Power et al., 2010; Lebel 

& Beaulieu, 2011). A popular theory is that an imbalance in the earlier maturation of 

subcortical limbic structures compared to later development of the frontal cortex leads to 

heightened responsiveness to motivational cues, with altered responding of top-down 

cognitive control (Casey, Jones, et al., 2008). However, the precise anatomical circuitry 

underlying these changes is not well understood. 

The different rates of maturation of brain regions, likely including their 

connectivity to other regions, are hypothesized to underlie changes in behavior and 

decision-making across development. Histological and imaging studies in animal 

models are further able to parse the developmental trajectories of individual circuits. 

Anatomical histological analysis of BLA projections to medial frontal cortex in rats 

reveals an increase in fiber density from postnatal day 6 to adulthood (Cunningham et 

al., 2002). Comparison of dendritic spine plasticity in vivo across brain regions in mice 

shows that there is greater spine elimination in adolescents (~1 month), and that 

adulthood (>4 months) is characterized by spine stabilization (Grutzendler et al., 2002; 

Holtmaat et al., 2005; Zuo et al., 2005). It is unknown if long range axonal projections 

show the same pattern of pruning and stabilization, or whether projections to the same 

target structure may have circuit specific trajectories of maturation. 

 Here, our aim was to map the normal developmental maturation of two long 

range projections to the frontal cortex, the basolateral amygdala (BLA) and the 

orbitofrontal cortex (OFC), both of which are of broad interest to basic neuroscientists 

and disease focused specialists. Based on observations that the frontal cortex is 

thought to mature later than other structures (Huttenlocher & Dabholkar, 1997; Shaw et 
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al., 2006; Casey, Jones, et al., 2008) we predicted that the BLA axonal projections 

would mature earlier than OFC projections, even when they innervated the same target 

region.        

 We visualized BLA or OFC projections to dorsomedial frontal cortex (dmPFC) by 

using viruses to label live cells with green fluorescent protein (GFP),  and chronically 

imaged the same axonal arbors and pre-synaptic boutons using two-photon microscopy 

in juvenile (P24, 3 days after weaning) or adult (P65) mice. We measured the formation 

and elimination of boutons and the growth or retraction of axonal branches. Here we 

show that, indeed, dynamic turnover of BLA axons in the juvenile brain already 

resemble the levels seen in the adult brain, while turnover in OFC axons is enhanced in 

the juvenile brain compared to adults. Interestingly we also found that bouton density 

was either stable or increased over this periadoloscent period, a stark contrast to the 

pruning that is assumed to occur in most circuits. These descriptive experiments reveal 

novel details of circuit maturation that are only accessible using relatively recent 

imaging technologies. 

 

Methods 

Animals  

C57Bl/6J mice were bred in-house and weaned at postnatal day (P)21. Male 

mice were group housed 2-5 mice to a cage with nesting material on a 12/12 reverse 

light cycle (lights off at 10am). Mouse weights were monitored closely following all 

surgical and imaging procedures to ensure animal health and that young mice gained 

weight at a developmentally appropriate rate. All animal procedures were approved by 
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the the Ernest Gallo Clinic and Research Center and UC Berkeley Animal Care and Use 

Committees. 

Viral injections 

 Viral labeling was used to identify projections from the BLA or OFC to the right 

hemisphere of the dmPFC. Stereotaxic injections were made under isoflurane 

anesthesia. Injections for the adolescent group were made at P10 and for the adult 

group at P51. Sparse labeling of cells was achieved using a Nanoject II injector 

(Drummond Scientific Company, Broomall, PA) to deliver 50nl of AAV2/1-CAG-eGFP 

(UNC Vector Core) to either the right BLA or the left OFC (Table 3; Figure 6). For 

adults, coordinates are given relative to bregma. The coordinates for P10 injection are 

given relative to the midline suture and the front of the brain, identified by the blood 

sinus visible under the skull. After surgery, mice were given access to 0.5 mg/ml cherry‐

flavored acetaminophen solution (Perrigo, Allegan, MI) and 0.7 mg/ml oral 

sulfamethoxazole with 0.1 mg/ml trimethoprim antibiotic solution (Hi‐Tech Pharmacal, 

Amityville, NY) in drinking water. The virus was allowed to express for two weeks prior  

to the start of imaging procedures for both age groups of mice.  

 

Table 3. Coordinates for viral injection. 

 AP ML V 

P10 BLA -4.30 2.90 4.25 

P51 BLA -1.3 3.35 4.25 

P10 OFC 1.0 -1.6 1.9 

P51 OFC 2.3 -1.7 2.5 



45 
 

Cranial window implantation 

 In a separate procedure 13 days after viral injection, a ~3mm craniotomy was 

made bilaterally over the dmPFC, keeping the dura intact. The craniotomy was overlaid 

with a thin layer of agarose solution (1% in cortex buffer) and sealed with a glass 

coverslip as previously described (Holtmaat et al., 2009). The craniotomy was placed 

immediately rostral to bregma (Figure 7a). Mice were given subcutaneous injections of 

an NSAID diluted in sterile saline (5 mg/kg, Rimadyl, Pfizer, New York, NY) following 

surgery and for the subsequent imaging days. Mice were allowed to recover one day 

before imaging procedures. This short recovery time was necessary to capture early 

developmental timepoints before the regrowth of bone over the craniotomy. While 

cranial windows remain clear for months in adult mice (Holtmaat et al., 2009), skull 

regrowth over dmPFC in young mice typically allows 5 days of imaging, and up to two 

weeks in some animals.  
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Figure 6. Viral labeling of BLA and OFC projections to dmPFC. a, b, Schematic of 
viral injection site and fluorescent image of representative extent of labeling at injection 
site in the BLA (a) and OFC (b). c, BLA axons project to layer 2 and 5 of dmPFC, 
ipsilateral to injection. d, OFC axons project to the superficial layers of dmPFC, 
contralateral to injection. c and d are images from the Allen Mouse Brain Connectivity 
Atlas, ©2014 Allen Institute for Brain Science (Oh et al., 2014). Available 
from: http://connectivity.brain-map.org/.  e, f, Representative slices of the region of 
dmPFC imaged in vivo with BLA axons labeled (e) or OFC axons labeled (f). Scale bars 
are 100 µm. White boxes (c, d) indicate region in e and f.  

http://connectivity.brain-map.org/
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Two-photon imaging procedure 

 Long range axonal projections to the right dmPFC were imaged daily in 

adolescent (P24) and adult (P65) mice using previously described techniques (Holtmaat 

et al., 2009). Mice were anesthetized with isoflurane for imaging procedures, and head 

fixed using a bar affixed to the skull screwed into a metal stage. The brain was imaged 

using an Ultima IV laser scanning microscope (Prairie Technologies) and a water 

immersion 40x 0.8 NA water immersion objective. A Mai Tai HP laser (Spectra Physics) 

was tuned to 910 nm for excitation of GFP. ~80 µm segments of axon were imaged at 

zoom 4 with high resolution (12.05 pixels/µm). OFC axons were imaged in layer 1 within 

100 µm of the surface, and BLA axons were imaged in layer 2 within 250 µm of the 

surface. Image stacks were obtained with 1 µm z-step. For relocation of the same axons 

across imaging sessions, a brightfield image and a two-photon z-stack were acquired of 

the pattern of blood vessels and neuronal processes as a reference point. After 

imaging, mice were allowed to recover in a separate heated cage before returning to the 

home cage.  

 

Image analysis  

 Both OFC and BLA axonal projections to dmPFC contain en passant boutons, 

which are varicosities continuous with the axon shaft. En passant boutons are scored by 

changes in brightness relative to the axon backbone, which, due to the elongation of the 

axial resolution in two-photon imaging, relates to the volume of the varicosity. Pre-

synaptic boutons were scored according to established criteria (De Paola et al., 2006; 

Holtmaat et al., 2009) using custom Matlab (Mathworks) software (Figure 7b, c). 
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Varicosities were scored as boutons if two or more pixels were more than 3 times as 

bright as the axon shaft within the adjacent 2 µm. A new varicosity was scored as a 

gained bouton if it met these same criteria. A bouton was subsequently scored as lost if 

it fell below 1.3 times as bright as the adjacent shaft. Varicosity peaks had to be more 

than 2 µm apart to score individually. Scoring was done based on individual z-sections, 

choosing the brightest section for analysis of each varicosity. A bouton was considered 

to be the same across time points if it was within 1 µm of the expected position, based 

on distance to nearby landmarks or stable boutons. File names were recoded for 

analysis, so that scoring was done blind to the experimental condition. In total, we 

analyzed 20,480 µm of axons in 27 mice.  

 Bouton gain and loss were scored in comparison to the previous imaging session 

as a percentage of the total boutons present that day. Turnover was the number of 

boutons gained and lost in a session, divided by two times the total boutons present that 

day. Measures of bouton density, gain, loss, and turnover are reported as the mean of 

three replicate measurements from consecutive imaging sessions in order to obtain 

representative values for each mouse. The survival fraction of boutons was calculated 

by starting with the total number of boutons gained in a specific session and plotting the 

fraction of this total that were present on subsequent days.  
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Figure 7. Imaging and analysis of axonal boutons. a, Schematic of placement of 
cranial window over dmPFC. The caudal edge of the window was adjacent to bregma. 
b, Boutons were scored as present or gained if more than 3 times as bright as the 
backbone, and lost if less than 1.3 times the backbone. c, Representative in vivo two-
photon images of the same OFC axon across five imaging sessions. Green and red 
arrows indicate bouton gain and loss respectively.  
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The growth or retraction of distal axon endings was scored by measuring the 

length of axon tips from a large stable bouton (typically ~15 µm from the tip). We did not 

observe the presence of axonal growth cones (Portera-Cailliau et al., 2005). Distal tip 

motility is expressed as the absolute value of tip length changes, averaged across 

imaging sessions for each tip. This measurement could be sensitive to changes in the 

orientation of the brain from one day to the next and biological movement. 

Measurement noise (σL) was estimated by measuring the distance between fiducial 

points (large landmarks) on consecutive days. On average, σL=0.85 µm.  

Histology 

 All mice were transcardially perfused with 4% paraformaldehyde in PB (0.1 M, 

pH 7.4). Brains were removed and post-fixed in 4% paraformaldehyde overnight, and 

then rinsed in PB. Coronal sections (100 µm) were cut on a vibratome and mounted on 

slides to check injection site accuracy.   

Statistical analysis 

 Statistical analyses were performed using GraphPad Prism 5 (GraphPad 

Software, San Diego, CA). Values are reported as mean ± SEM. Two-tailed t-tests were 

used to compare measurements of the same axon type between the two age groups. 

Welch’s correction was applied on t-tests when the groups had unequal variances. We 

created Kaplan-Meier survival curves to measure the stability of boutons across imaging 

sessions. This analysis allows inclusion of imaging data from varying numbers of 

sessions by censoring data past the last imaging session. The survival curves between 

two groups were compared using the log-rank test, and by comparing the slope of the 

curves using the hazard ratio.  



51 
 

 

Results 

Pre-synaptic boutons 

 BLA or OFC axonal projections to dmPFC were imaged in juvenile (P24) or adult 

(P65) groups of mice. We first examined whether the density of boutons studding these 

two axon populations differed as a function of age. We found no significant differences 

in bouton density between juvenile and adult groups in the BLA axons (juvenile: 132.9 ± 

19.1; adult: 175.5 ± 11.0; t(9)=2.09; P=0.066) or OFC axons (juvenile: 158.2 ± 11.9; 

adult: 159.3 ± 7.43; t(14)=0.07; P=0.939) (Figure 8). Bouton density either was stable 

across this age range, showed a trend toward an increase (BLA).  

 

Figure 8. Bouton density. The number of boutons per mm on BLA axons (a) or OFC 
axons (b) does not significantly differ between juvenile and adult mice. Data are the 
average of three consecutive sessions. Each symbol is one mouse. Lines indicate 
mean.  
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 Two-photon longitudinal imaging allows us to go beyond traditional static 

measures, such as density, to probe the dynamics of a circuit over time. For example, 

axons with the same density at two time points could either contain the same stable 

boutons over time, or there could be a dynamic pool of boutons that exchange synaptic 

partners while overall maintaining the same number of synapses. To capture these 

dynamics, we measured the numbers of boutons gained or lost from the previous day. 

Bouton turnover, which is a combination of gain and loss and represents a measure of 

overall change, was significantly enhanced in juvenile OFC axons compared to OFC 

axons in adults (juvenile: 12.69 ± 1.30; adult: 8.35 ± 0.50; t(9)=3.10; P=0.013) (Figure 

9b). There was no significant difference in the turnover of BLA axons (juvenile: 9.14 ± 

1.44; adult 7.75 ± 0.95; t(9)=0.84; P=0.424) (Figure 9a). This increase in OFC axon 

turnover was driven by both new boutons gained (juvenile: 16.08 ± 1.93; adult: 11.06 ± 

0.58; t(14)=2.48; P=0.038) and lost (juvenile: 12.69 ± 1.30; adult: 8.35 ± 0.50; 

t(14)=2.35; P=0.034) in juvenile mice compared to adults (Figure 9d, f). The percentage 

of boutons gained (juvenile: 12.00 ± 2.30; adult: 10.70 ± 1.26; t(9)=0.55; P=0.60) or lost 

(juvenile: 6.26 ± 1.19; adult: 4.80 ± 1.01; t(9)=0.90; P=0.39) in BLA axons was not 

significantly different between age groups (Figure 9c, e).  
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Figure 9. Gain and loss of 
boutons is enhanced in 
juvenile OFC axons compared 
to adults. a, b, Bouton turnover 
on BLA (a) and OFC (b) axons.  
c, d, New bouton gain on BLA (c) 
and OFC (d) axons. e, f, Loss of 
boutons on BLA (e) or OFC (f) 
axons. Each symbol represents 
one mouse. Data are the 
average of three measurements. 
* P<0.05.  
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 We next followed the stability of individual boutons across many imaging 

sessions and calculated the survival fraction. The survival fraction is a measure of the 

proportion of boutons that persist to subsequent sessions. We found that juvenile OFC 

axons had lower survival fraction of boutons compared to adults, demonstrating that 

overall these boutons are less stable (juvenile: 0.776 ± 0.015, 810 boutons; adult: 0.862 

± 0.012, 868 boutons; χ2=21.70, P<0.0001) (Figure 10b). Juvenile OFC axons shed 

boutons at nearly twice the rate of adult OFC axons (hazard ratio = 1.74). In contrast, 

juvenile and adult BLA axons showed overlapping plots of survival fractions, suggesting 

they were equally stable (juvenile: 0.852 ± 0.024, 319 boutons; adult: 0.828 ± 0.015, 

638 boutons; χ2=0.89, P=0.34) (Figure 10a). 

 

 

Figure 10. Juvenile OFC axons have a larger dynamic fraction of boutons. The 
survival fraction (proportion of boutons initially observed that persist to subsequent 
imaging sessions) did not differ between juvenile and adult BLA boutons (a). Juvenile 
OFC boutons had a significantly lower survival rate than adults (b). Data show the mean 
± SEM of all boutons in a group present on day. **** P<0.0001. 
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Axonal arbors 

 Axonal arbors in the cortex span many millimeters, and growth of axons could 

have profound implications for wiring of cortical circuits. We next tested whether BLA 

and OFC axon arbors were still labile in the dmPFC of juvenile and adult mice. We 

located distal axon tips and measured the change in length over subsequent days. Axon 

tips in juvenile mice showed greater changes in length compared to adults (t(42)=4.59, 

P<0.0001). The length changes observed in adult mice were not significantly greater 

than the measurement noise (one-sample t-test, t(14)=1.714, P=0.11). The increase in 

tip dynamics was evident in both BLA (juvenile: 7.22 ± 1.63, 10 axons; adult: 1.81 ± 

0.51, 4 axons; t(10)=3.158, P=0.01)  and OFC axons (juvenile: 6.29 ± 1.35, 27 axons; 

adult: 1.26 ± 0.41, 11 axons; t(30)=3.57, P=0.0012) (Figure 11).  

 

Figure 11. Distal axon tips are dynamic in the juvenile dmPFC. a, In vivo two-photon 
image of the distal tip of an OFC axon in dmPFC. b, c, The absolute value of the 
change in axon tip length, averaged across three measurements on consecutive days, 
is increased in juvenile mice compared to adults in BLA (b) and OFC (c) axons. Each 
symbol is one axon tip. * P<0.05, ** P<0.01.  
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Discussion  

 Here we demonstrate that long range OFC and BLA axons targeting the juvenile 

dmPFC show active bouton remodeling and changes in arborization. Contrary to the 

consistent finding that dendritic spine density in the frontal cortex declines from 

adolescence to adulthood in both humans and mice (Huttenlocher & Dabholkar, 1997; 

Zuo et al., 2005; Majewska et al., 2006; Petanjek et al., 2011), including dmPFC spine 

density data from our own lab (unpublished), we found no evidence for a decrease in 

density of BLA or OFC boutons in the dmPFC. Rather, bouton density was either stable 

or potentially increased in adulthood. This discrepancy between bouton stability and 

spine pruning may be explained by developmental pruning of unexamined connections 

from other axonal populations in this region. An alternative explanation is that individual 

boutons can have multiple synaptic sites (Knott et al., 2006). It may be that 

developmental spine pruning removes undesirable synaptic contacts from these multi-

synapse boutons but leaves the total number of boutons relatively stable.  

 The burden of developmental remodeling of circuitry cannot be placed 

completely on post-synaptic spine pruning though. We found a remarkable increase in 

the gain and loss of boutons in juvenile OFC axons (~13% turnover) compared to adults 

(~8%). We do not know if the pool of boutons gained and lost had formed functional 

synapses. Electron microscopy reconstructions of boutons imaged in vivo showed that 

boutons with brightness greater than 1.92 times the backbone intensity always made 

synapses (Grillo et al., 2013). Our criterion for bouton gain were more stringent (3x 

brightness), so it is reasonable to assume that the boutons we imaged made synapses. 

However, our loss criterion was only 1.3 times. It is possible that boutons lost synapses 
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prior to being scored as a loss. Therefore we may have underestimated the true loss of 

synapses. This conservative threshold may be why we observed that bouton gains 

outpaced bouton loss. In this study we implemented scoring criteria agreed upon by a 

consortium of labs (Holtmaat et al., 2009), though in the future may adjust criteria to 

reflect new knowledge about bouton structure and function. 

In previous in vivo imaging and electron microscopy studies in somatosensory 

cortex, new spines preferentially synapse onto existing boutons  creating multi-synaptic 

boutons (Knott et al., 2006). This finding indicates that bouton formation is likely to 

precede spine formation. It may be that bouton plasticity is permissive of greater overall 

plasticity than spine remodeling alone. Each pre-synaptic bouton is within reaching 

distance of many dendrites passing nearby via new spine growth (“potential synapses”) 

(Chklovskii et al., 2004). A smaller pool of OFC boutons remained stable across days in 

juveniles, indicating that this axonal population has high potential for large scale 

rewiring of dmPFC circuitry.  

 While juvenile OFC bouton plasticity was enhanced compared to adults, we 

found no detectable differences between juvenile and adult BLA bouton turnover. These 

data are consistent with the hypothesis that the BLA matures before frontal cortex 

circuits (Casey, Jones, et al., 2008), though our small sample sizes and limited time 

points cannot prove it. Notably, we cannot extrapolate the entire trajectory of maturation 

from two time windows. It may be that BLA or OFC axons undergo a plastic phase after 

the onset of puberty at ~P30, which was beyond the scope of this study. The 

combinatorial difficulty of targeting the BLA in pups along with the success of delicate 

craniotomy surgery in juvenile mice made that group size challenging to build. Further 
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study with more mice and expanded time points is needed to fully understand the 

developmental maturation of BLA and OFC axons.  

 Different cell types have previously been shown to exhibit varying levels of 

axonal plasticity under normal conditions. For example, thalamocortical axonal boutons 

are remarkably stable in adult barrel cortex (96% survival after 1 week), while layer 6 

pyramidal cell boutons are more dynamic (80% survival after 1 week) (De Paola et al., 

2006). The BLA and OFC axons described here likewise showed population and age 

specific characteristics, with juvenile OFC boutons having only 77% survival after 4 

days. The function of this baseline plasticity is unknown. A model based on years of 

research in the visual system proposes that inputs to cortex compete for resources to 

form stable synapses (Gordon & Stryker, 1996; Smith & Trachtenberg, 2007; Espinosa 

& Stryker, 2012). The adolescent frontal cortex could be a battle ground for competing 

inputs, with the consequences of skirmishes resulting in bouton stabilization or 

elimination.  

 The most striking finding of the current study was the large scale plasticity 

observed at the distal tips of axons in juvenile mouse dmPFC. The basic architecture of 

the brain and its neural connections is broadly laid out during peri-natal development 

(de Graaf-Peters & Hadders-Algra, 2006). Activity-dependent structural plasticity further 

refines these circuits during critical periods for sensory cortex post-natal development 

(Butz et al., 2009). In normal mouse somatosensory cortex, thalamocortical axons grow 

and retract up to 72 µm/day in early development (P4-7), and in the third week of 

development (following closure of the critical period for somatosensory cortex) length 

changes are <5 µm /day (Portera-Cailliau et al., 2005). Whisker plucking can induce 
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further rearrangement of excitatory and inhibitory axon tips (hundreds of µm across 

days) in barrel cortex of adult mice (Marik et al., 2010). Axons in visual cortex 

dramatically reorganize in response to deprivation of visual input (Antonini & Stryker, 

1993a; Yamahachi et al., 2009). However, reports of axonal arbor rewiring in the un-

deprived, healthy brain after weaning age (P21) are rare (De Paola et al., 2006). Axonal 

growth and retraction may be driven by intrinsic factors such as genetic programs or 

activity levels, or by extrinsic factors such as growth factors or ongoing myelination. 

 

Conclusions 

 Two-photon imaging techniques have allowed us to step through the looking 

glass of the juvenile brain, and reveal an exciting and dynamic biological environment. 

Boutons are gained and lost day by day, while axons actively sample new territory. 

Axons display cell-type and age specific properties, and even intermingled circuits may 

follow unique developmental trajectories. Different timelines for plasticity may 

correspond to different windows of opportunity for experience dependent modification. 

These data may be the initial evidence for different sensitive periods for the 

development of sub-circuits of the frontal cortex. To take this inquiry further, future 

studies are needed to probe how experience impacts the dynamics of long range 

projections to frontal cortex at multiple stages of development.  
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Chapter 4 

Rule learning enhances structural plasticity  

of long range axons in frontal cortex 

 

“Not all those who wander are lost” 

-J.R.R. Tolkien 
“The Fellowship of the Ring” 

 

Introduction 

Rules guide goal-directed behavior 

Rules are learned associations organized to guide conduct or action in search of 

a goal (Bunge, 2004). These associations are links that have been previously been 

made between meaningful stimuli, potential responses, and outcomes. Rules are used 

to rapidly guide a course of action in a particular situation. We use a variety of rules to 

guide our everyday behavior including simple stimulus-response rules (e.g. a red light 

means stop). More abstract rules are contingent upon the contextual state (e.g. a 

carpool sign means you can use the carpool lane, but only if you have more than 2 

passengers). Implementation of abstract rules thus depends on the ability to distinguish 

between states that may be perceptually indistinguishable (e.g. the Bay Bridge toll 

plaza) but depend on context (e.g. the number of passengers in the car) in order to 

choose the appropriate action. The orbitofrontal cortex is theorized to be critical for 

representing such states that are “partially observable” by integrating sensory 

information with memories of previous stimuli, choices, and outcomes (Wilson et al., 
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2014). The lateral prefrontal cortex (composed of the dorsolateral and ventrolateral PFC 

in humans and analogous to dmPFC and OFC in rodents) is more broadly implicated in 

the ability to maintain a goal in mind without external cues present. This cognitive 

control function is critical to implementing more complex rules which require the 

suppression of pre-potent or habitual actions in favor of another course of action, such 

as in the Stroop task (Miller & Cohen, 2001). Neural circuits underlying cognitive control 

are likely recruited for learning rules that guide choice among multiple competing 

alternatives. 

 

Neural substrates of rule learning 

A distributed network of brain regions are implicated in rule learning. In the 

rodent, the orbitofrontal cortex (OFC) and dorsomedial prefrontal cortex (dmPFC), in 

particular, are considered critical hubs within this network (reviewed and discussed in 

Chapters 1-2). The orbitofrontal cortex (OFC) and dorsomedial prefrontal cortex 

(dmPFC) encode cue-outcome and action-outcome expectancies respectively (Buckley 

et al., 2009; Luk & Wallis, 2013), and the interface between these regions may serve to 

transform perception to action (Fuster, 1988). Single unit recording studies in the PFC 

of monkeys have shown that individual neurons show rule dependent modulation of 

firing (Asaad et al., 2000; Wallis et al., 2001). Neuronal ensembles show distinct 

patterns of activity during learning and implementation of rules, and these 

representations are stable across days indicating lasting changes to the network 

(Lapish et al., 2008; Durstewitz et al., 2010).  
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It is often assumed that rule learning and rule updating are reflected anatomically 

at the level of individual synapses in association cortex, but in vivo evidence for this is 

lacking. The in vivo formation and elimination of synaptic structures has been observed 

in response to motor learning (Xu et al., 2009; Yang et al., 2009; Peters et al., 2014) 

and Pavlovian conditioning (Lai et al., 2012; Munoz-Cuevas et al., 2013), but it is 

unknown if structural plasticity of synapses underlies higher order cognitive processes 

like rule learning. Here, we hypothesized that structural plasticity underlies refinement 

and stabilization of neural networks encoding rules. Specifically, the synaptic 

connections from the OFC to dmPFC may be important for updating associations 

among cues, actions, and outcomes during rule learning. 

 

The explore-exploit tradeoff 

In dynamic situations, the ability to flexibly learn and switch between rules is 

essential for adaptive goal-directed behavior (e.g. now the carpool lane is only for 3 or 

more passengers, so you have to take another lane). The course of action dictated by a 

rule may be a simple motor response (e.g. go in the right lane) or a more complex 

strategy (e.g. choose the shortest lane). In novel situations or under conditions of 

uncertainty, exploration may be needed to gather more information to formulate and 

exploit a rule. Far from representing idle curiosity or error, exploration is a critical 

strategy for organisms to discover resources necessary for survival (Pearson et al., 

2014). Strategic exploration has been observed in animals from worms (Bendesky et 

al., 2011) to humans (Daw et al., 2006). A balance must be struck between exploration 

and exploitation for optimal decision-making. Aberrant exploitative behavior is a 
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hallmark of addiction (Everitt & Robbins, 2005), while excessive exploration may relate 

to impulsivity or difficulties maintaining attention on a task. 

Neural circuits for deciding whether to explore or exploit include cortical regions 

involved in signaling the expected value of cues and actions (Luk & Wallis, 2013), the 

striatum (O'Doherty et al., 2004; Schönberg et al., 2007; Badre et al., 2010), and 

neuromodulatory systems (Aston-Jones & Cohen, 2005; Bayer & Glimcher, 2005). 

Rostral frontal cortex may have a more specialized role in signaling exploratory 

decisions (Daw et al., 2006; Pearson et al., 2009; Hayden, Pearson, et al., 2011; Badre 

et al., 2012; Kolling et al., 2012; Donahue et al., 2013; Tervo et al., 2014). Levels of 

dopaminergic signaling in prefrontal cortex may modulate the exploratory drive. For 

example, alleles of the COMT gene, encoding catechol-O-methyltransferase (COMT), 

affect prefrontal dopamine levels and predict the propensity for exploration (Frank et al., 

2009; Kayser et al., 2014).  

 

Rule updating through prediction errors 

Theories of associative learning have long recognized that it is not a passive 

process. Rather, subjects actively make predictions about the outcomes of cues and 

actions, and learning occurs when a subject experiences an unexpected outcome 

(Rescorla & Wagner, 1972). The difference between the expected result and the actual 

outcome is formally called a ‘prediction error’. A perfectly predicted outcome does not 

generate a prediction error or spur new learning, while presentation of an unexpected 

reward generates a positive prediction error and supports further responding to that cue. 

An omission of an expected reward generates a negative prediction error which leads to 
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extinction of that behavior. This error-driven learning figures prominently in 

computational models of associative learning (Bush & Mosteller, 1951; Rescorla & 

Wagner, 1972; Sutton & Barto, 1998; Glimcher, 2011). Prediction errors adjust behavior 

presumably by remodeling associations between cues, actions and outcomes. However 

the neural bases for this concept remain unclear.  

Putative dopamine neurons in the ventral tegmental area (VTA) and the 

substantia nigra pars compacta have phasic responses to rewards or cues associated 

with rewards, and these responses are modulated by the degree to which the outcome 

was expected (Schultz et al., 1997; Hollerman & Schultz, 1998). This characteristic 

makes dopamine neurons a potential candidate for the prediction error signal in models 

of learning (Bayer & Glimcher, 2005; Steinberg et al., 2013). Error signals are also 

encoded by serotonergic neurons in the dorsal raphe nucleus, particularly for negative 

prediction errors (Berg et al., 2014). Diverse error signals are observed in the prefrontal 

cortex (Schultz & Dickinson, 2000; Tremblay & Schultz, 2000; Sul et al., 2010; Asaad & 

Eskandar, 2011; Hayden, Heilbronner, et al., 2011; O'Neill & Schultz, 2013), although it 

has been debated whether these represent true prediction errors. It has been 

hypothesized that the orbitofrontal cortex encodes current expectations and that these 

signals are used to instruct VTA neurons to generate prediction errors used for learning 

(Takahashi et al., 2009).  

In the current study, we remain agnostic to the neural source of prediction errors 

and instead focus on modeling the magnitude and direction of prediction errors 

generated by the animals’ choice histories using a reinforcement learning model. 

Animals are trained on a four-choice odor discrimination and reversal task (described in 
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Chapter 2). The task design is a highly dynamic environment and we cap the number of 

trials at criterion to ensure that prediction errors are experienced on virtually every trial 

(by preventing overtraining). A typical block of training contains 1.2 x 1024 possible 

choice combinations and unique expectancies for outcomes based on these histories. 

We leverage the natural diversity of individual choice histories to survey how prediction 

errors may scale learning at the structural level.  

We hypothesized that rule learning would modify long range axonal projections 

from the OFC to the dmPFC and furthermore that structural plasticity would scale with 

prediction errors estimated from choice history. To this end, we trained mice to learn 

rules in a multiple choice foraging and reversal task (Johnson & Wilbrecht, 2011) and 

daily imaged OFC axons that project to the dmPFC. Here we show that rule training 

significantly enhanced structural plasticity of boutons on axons projecting from OFC to 

dmPFC, while other forms of enrichment did not. The density of boutons before training 

and experience-dependent new bouton gain both correlated with learning and 

exploitation of a rule. Throughout training, greater prediction errors and exploratory 

behavior correlated with bouton loss. Our data reveal a structural trace of rule learning 

and illuminate neural correlates of individual differences in decision making history and 

strategy. 

 

Methods 

Animals  

Male C57Bl/6J mice (2-3 months old) were group housed on a 12/12 reverse 

light cycle (lights off at 10am). All animals received nesting material and plastic hut in 
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their home cage. Littermates were matched across experimental groups (Table 4). 

Animals were food deprived to 90% of free feeding weight prior to behavioral 

experiments.  All procedures were approved by the Ernest Gallo Clinic and Research 

Center and UC Berkeley Animal Care and Use Committees.  

Table 4. Behavioral groups and sample sizes. 
Group Mice Axons Boutons 

Standard Housed 10 99 1851 

Arena Control 8 76 1320 

Recall Only 8 72 1529 

Recall and Reversal 9 76 1812 

Total 35 323 6512 
 

Surgery  

Viral injections of AAV2/1-CAG-eGFP into the lateral OFC and cranial window 

implantation over dmPFC were performed as described in Chapter 3. Mice were 

allowed to recover for 7-14 days before imaging. The minimum, typical, and maximum 

extent of viral labeling is presented in Figure 12. 

 

 

 
 

Figure 12. Extent of viral labeling at 
OFC injection site. Schematic of the 
extent of fluorescent labeling at the 
virus injection site in all experimental 
mice (n=35). Black indicates the 
minimum expression and light grey is 
the maximum expression. Medium grey 
shows a representative example of 
labeling.   
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Channelrhodopsin assisted circuit mapping (CRACM) of OFC inputs to dmPFC 

 In a separate set of mice, we injected 500 nL AAV2/1-CAG-ChR2-tdtomato (UNC 

Vector Core) in left the OFC and allowed one month of expression prior to making slices 

in adult 2-3 month old male mice. Animals were anesthetized with a ketamine-xylazine 

mixture (70 mg/kg ketamine, 10 mg/kg xylaxine) and perfused through the heart with ice 

cold ACSF (in mM) (120 NaCl, 2.5 KCl, 26.2 NaHCO3, 1.25 NaH2PO4, 11 glucose, 2.5 

CaCl2, 1.3 MgCl2) aerated with 95% O2/5% CO2. The brain was rapidly removed and 

placed in ice cold cutting solution bubbled with 95% O2/5% CO2 (2.5 KCl, 25 NaHCO3, 

1.25 NaH2PO4, 25 D-Glucose, 0.5 CaCl2, 7 MgCl2, 110 choline-Cl, 3mM Na-pyruvate, 

and 11.6 Na-ascorbate). 300 µm coronal slices of the dmPFC were cut on a vibrating 

slicer and incubated in oxygenated ACSF for 1 hour at 37 ºC before recordings.  

 Neurons in the contralateral dmPFC were patched with borosilicate pipettes 

(resistance 4-6 MΩ) (110 Cs-Methanesulfonate, 5 NaCl, 10 bapta, 10 hepes, 2 MgCl2, 

10 Na2-phospocreatine, 4 ATP-Na+, 0.3 GTP-Na+, 0.1% biocytin). Recordings were 

performed at 32 ºC in ACSF with 0.5 µM TTX and 100 µM 4-AP to block action 

potentials and restore presynaptic glutamate release, respectively. Photostimulation 

was with a blue laser (473 nm). Beam position was controlled with galvanometers and 

steered through an air immersion objective (4x 0.16 NA; UPlanSApo Olympus). For 

each recorded cell, laser power was adjusted to yield peak EPSC amplitudes of ~100 

pA. We delivered light pulses (1 ms duration; inter-stimulus interval 800 ms) on a 12 x 

18 grid (50 µM spacing) in a pseudo-randomized pattern to avoid sequence-specific 
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responses. Mapping experiments were repeated 3-5 times for each cell. EPSCs were 

recorded in voltage clamp (-70 mV). Access resistance was less than 30 MΩ.  

Four-choice odor discrimination and reversal task  

Odor discrimination training and reversal procedures are described in Chapter 2. 

Mice were trained in the morning, and imaged 2-6 hours later.  Following three days of 

baseline imaging, mice were habituated to the arena on day 4. On day 5, mice were 

shaped to dig in wood shavings to obtain a buried food reward. On day 6, mice learned 

to discriminate among four pots with different scented wood shavings (anise, clove, 

litsea, thyme. On day 7, mice completed a recall of the initial odor discrimination to 

criterion again.  The ‘Recall Only’ group was then returned to their homecage, while the 

‘Reversal’ group continued within the same session to learn new odor cue-outcome 

contingencies. Training sessions on days 6 and 7 were typically completed within ~1.5 

hours.  

The ‘Arena Control’ group was yoked to the experimental conditions of the 

‘Reversal’ group, but without food rewards. Each day, mice entered the arena for time 

matched to the trained cage mate, with the same number of pots and shaving odors. 

However, mice were not ever placed in the start cylinder and there was no demarcation 

of trial structure. All behavioral experiments were carried out during the subjective dark 

period, and ‘Arena Control’ mice actively explored the arena and shavings. Mice were 

not observed sleeping while in the arena. The ‘Standard Housed’ mice were cage mates 

of the ‘Trained’ and ‘Arena Control’ groups, and so experienced the environment of the 

behavior testing room. All groups were handled daily for weighing and imaging. 

Schematics of the conditions experienced on days 4-7 are illustrated in Figure 13.  
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Figure 13. Behavioral conditions. Yellow circles represent buried cereal rewards. 
Color outline of pots of wood shavings indicate the odor cue. 
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Analysis of behavioral data  

We modeled discrimination and reversal learning using a reinforcement learning 

model driven by an iterative error-based rule (Bush & Mosteller, 1951; Rescorla & 

Wagner, 1972; Sutton & Barto, 1998). The model uses a prediction error (δ) to update 

the value (V) of each odor stimulus. The prediction error is the difference between the 

experienced feedback (λ) and the current expected value, where λ is 100 for rewarded 

choices and is 0 for unrewarded choices. The prediction error is scaled by a learning 

rate parameter (α), with 0 < 𝛼 < 1. 

 

𝑉𝑡+1 = 𝑉𝑡 + 𝛿;                                                       [1]     

𝛿 = 𝛼(𝜆 − 𝑉𝑡) 

 

Since there may be different circuit mechanisms underlying positive and negative 

feedback, we also fit behavioral data to a model with separate learning rates for 

rewarded (αpos) and unrewarded (αneg) outcomes (O'Doherty et al., 2004; Frank et al., 

2009). When feedback is better than expected, the model generates a positive 

prediction error that increases the value of that odor. Likewise, when feedback is worse 

than expected, the model generates a negative prediction error that decreases the 

value of that odor. Mice have innate odor preferences (Khan et al., 2007), and the task 

was designed so that the rewarded odor was not the most preferred initially in 

discrimination. The initial values for the odors were generated from the average 

percentage of choice for each odor in the first four trials of the discrimination for 26 mice 
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(for t=1; V(O1)t=25, V(O2)t=19, V(O3)t=5, V(O4)t=51). The initial values for the odors in 

the reversal were determined by the choice history of the animal in discrimination and 

recall, and the novel odor introduced in reversal had an initial value of V(O4’)=6.  

To model trial-by-trial choices, the stimulus values were transformed using a 

softmax function to compute the relative probability of each choice. The inverse 

temperature parameter (β) determined the stochasticity of the choices. 

 

𝑃(O1)𝑡 =
1

1+𝑒𝛽∙(𝑉(𝑂2)𝑡−𝑉(𝑂1)𝑡)+𝑒𝛽∙(𝑉(𝑂3)𝑡−𝑉(𝑂1)𝑡)+𝑒𝛽∙(𝑉(𝑂4)𝑡−𝑉(𝑂1)𝑡)
                    [2] 

 

The same equation applies for all odor choice probabilities, replacing with O1, O2, O3, 

or O4 as appropriate.  The probability (P) of all odor choices sums to 1.  

 The free parameters α, αpos and αneg, and β were estimated separately for the 

discrimination and reversal training phases. The recall phase was assumed to use the 

same parameters as the discrimination. The best fit parameters were optimized by 

maximizing the log-likelihood across trials for each animal. We compared the alternative 

models using the Akaike information criterion, corrected for small sample sizes (AICc) 

(Table 5). Model AICc values were compared using the signed-rank test, and were not 

found to be significantly different from the chosen models. We also tested for correlation 

between parameters, which would indicate that two parameters might be redundant.  

 For the discrimination phase, we chose the simplest model in which only α varied 

among animals, and β was fixed. The model with two free parameters (α and β) had a 

slightly lower AICc score, but the magnitude of the prediction errors was difficult to 

interpret since the parameters were significantly inversely related (Table 5). As has 
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been noted previously, individual parametric fits for this type of task tend to be noisy 

and can yield improbable results (Daw et al., 2006; Schönberg et al., 2007). So 

following previous work, we fixed β for the group to the mean of the individual fits 

(�̅� = 0.054). Importantly, the classification of explore and exploit trials was not 

significantly different between these two models for discrimination learning (explore: 

t(17)=1.23, P=0.24; exploit: t(17)=0.27, P=0.79). For the reversal phase, the best model 

used three free parameters for αpos, αneg, and β, and the parameters were not correlated.  

 We used the output of the model to classify the strategy used by the animal. 

Trials were classified as exploitation or exploration trials based on whether the chosen 

action was also the choice most predicted by the value based reinforcement model 

(Daw et al., 2006). Exploitation trial choice matched the most probable (and highest 

valued) choice. Exploration trials were choice of any of the three less probable 

alternative options, though typically exploration choice was for the next best option 

(58% of explore trials). Omission trials were not included in the strategy classification 

analysis.  

 

Table 5. Model comparisons. 
 
 

Parameters AICc Model Compare 
P-value 

Parameter Correlation 
P-value 

Discrimination     
α 1 1371 1 NA 
α, β 2 1368 0.508 0.031 
αpos, αneg, β 3 1385 0.170 αneg, 0.263; β, 0.105 
     
Reversal     
α 1 554 0.910 NA 
α, β 2 527 0.250 0.044 
αpos, αneg, β 3 525 1 αneg, 0.290; β, 0.074 
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In vivo two-photon imaging of long range axonal projections 

Imaging procedures are described in Chapter 3. Imaging for the main 

experiments was within 0.8 mm of the midline in the right hemisphere, contralateral to 

the viral injection. A smaller set of ROIs were studied in the ipsilateral left hemisphere 

(0-0.8 mm from midline), and lateral right hemisphere (0.8-1.4mm) for comparison of 

density and turnover.  

 

Analysis of bouton dynamics  

Boutons were scored according to established criteria (see Chapter 3 Methods), 

using custom Matlab software (Mathworks) to measure the intensity of a varicosity 

relative to the axon shaft. Bouton gain and loss were scored in comparison to the 

previous imaging session, as a percentage of the total boutons present that day. 

Turnover was the number of boutons gained and lost in a session, divided by two times 

the total boutons present that day. Normalized values for gain, loss, and turnover were 

obtained by dividing the measurement by the average of the two measurements from 

the baseline imaging sessions, yielding a fold change relative to the baseline days. The 

survival fraction of boutons was calculated by starting with the total number of boutons 

gained in a specific session and plotting the fraction of this total that were present on 

subsequent days. File names were recoded for analysis, so that all scoring was done 

blind to the experimental condition.  
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Image processing  

Images for data analysis were median filtered. Images for figures were median 

filtered, then projected in two-dimensions from the three-dimensional image stack. 

Background processes were cropped out. There were normally several axons in an 

image. Finally, images were Gaussian filtered and contrasted for presentation.     

 

Statistics  

Statistical analyses were performed using Matlab or GraphPad Prism 5. Groups 

were tested for normal distributions in the data. Two-way repeated measures ANOVAs 

were used to compare untrained and trained groups across imaging sessions, with 

Bonferroni corrected post-hoc tests for each session. Comparisons were made among 

groups at a single time point using one-way ANOVA, with Bonferroni corrected post-hoc 

tests comparing the ‘Arena Control’ group to the other experimental conditions. 

Comparisons between two groups were made using unpaired t-test, or within the same 

animal between two behavioral sessions using paired t-test. Pearson’s correlation was 

used to measure the linear relationship between parameters. One outlier in the 

normalized bouton loss data from discrimination and reversal was identified using 

Grubb’s test, and that data point was excluded from analysis. Kolmogorov-Smirnov 

tests were used to test for potential differences in cumulative histogram distributions.   
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Figure 14. Repeated imaging of long range OFCdmPFC axons with training on a 
multiple choice reversal task. a, Representative fluorescent image of viral labeling at 
injection site in lateral orbitofrontal cortex (OFC) (see also Extended Data Fig. 1). b, 
OFC neurons project to the upper layers of dorsomedial frontal cortex (dmPFC). Atlas 
inset shows the location of image. c, Schematic of cranial window implant over dmPFC. 
d, Locations of imaged ROIs. Colors indicate same groups as (e). e, Timeline of 
behavioral and imaging sessions for each group. f, g, Representative in vivo two-photon 
images of axons of a ‘Standard Housed’ (f) and ‘Reversal’ trained (g) subject across 
imaging sessions 1-8. Green and red arrows indicate bouton gain and loss respectively. 
Boutons were scored as present or gained if more than 3 times as bright as the 
backbone, and lost if less than 1.3 times the backbone.  H, homecage. Scale bars: (a) 1 
mm, (b) 100 µm, (f, g) 10 µm. 
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Results 

Characterization of the axonal projection from OFC to dmPFC 

To observe structural changes in OFCdmPFC axons before, during, and after 

rule learning, we used two-photon laser scanning microscopy to image axons on a daily 

basis while mice were trained in a multiple choice, odor-based foraging task with a 

reversal of reward contingencies. We used adeno-associated virus to label OFC axons 

projecting to layer 1 of the contralateral dmPFC with green fluorescent protein (GFP) 

(Figure 12; Figure 14a, b). In a separate set of experiments, we used channelrhodopsin 

to confirm that these OFC axons made functional layer 1 synapses onto multiple cell 

types in dmPFC (Figure 15). We implanted a chronic cranial window over the dmPFC 

(Figure 14c) and imaged OFC→dmPFC axons from regions of interest (ROIs) 0-2.5mm 

rostral to bregma and 0.2-0.8 mm lateral to midline in the dmPFC (Figure 14d).  

Over a three-day baseline period, we tracked gains and losses of boutons using 

established detection thresholds (Holtmaat et al., 2009) (Figure 14f, g). We chose to 

image the OFC projection to contralateral dmPFC. Though the projection is bilateral, the 

projection to layer 1 is strongest to the contralateral side (see Figure 6 in Chapter 3). 

We observed no difference in turnover between ipsi- and contralateral projecting axons 

(t(326)=0.05, P=0.96; Figure 16a). OFC→dmPFC axonal boutons showed significantly 

higher turnover than OFC projections to neighboring primary motor cortex (M1) 

(dmPFC: 18.11 ± 0.76 mm-1; M1: 10.36 ± 1.75 boutons mm-1; t(320)=2.32, P=0.021; 

Figure 16b). These rates were  higher or comparable to bouton turnover rates reported 

for intracortical and thalamic axons in somatosensory cortex (De Paola et al., 2006).  
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Figure 15. Orbitofrontal axons make functional synapses onto multiple cell types 
in dmPFC. Whole cell recording in dmPFC and photostimulation of OFC axon terminals 
containing channelrhodopsin (ChR2) were used to confirm functional connectivity. a, 
Fluorescent image of ChR2-tdtomato labeled OFC axons in contralateral dmPFC. b, 
Brightfield image of a brain slice showing pipet for whole cell recording and 12x18 grid 
for photostimulation (50 µm spacing). c, Example recording traces from grid 
photostimulation. d, Percentage of cells that showed current responses to 
photostimulation in various cell types. L2/3 and L5 pyramidal cells were identified by 
morphology and distance from surface. Parvalbumin positive cells (PV+) putative 
interneurons were labeled by crossing PV-cre transgenic mice with a td-tomato reporter 
line. Numbers in bars represent number of cells recorded of each type. e, Heat map of 
current responses in a L2/3 pyramidal cell to photostimulation of OFC axons from the 
contralateral hemisphere. Note that the first row is outside of the slice. + indicates 
location of soma. f, Quantification of the responses in (e) by depth from the surface. 
Responses were normalized to the maximum response.  
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Figure 16. Comparison of turnover in OFC axon projections. a, The average 
baseline turnover of axons was not different between ipsi- and contralateral projections 
to dmPFC (t(326)=0.05, P=0.96). b, OFC axons projecting to the dmPFC have higher 
turnover than those projecting to primary motor cortex (M1) (t(326)=2.32, P=0.021). c, 
There is a negative correlation between the lateral distance from the midline and 
turnover (R=-0.12, P=0.028). d, There was a trend towards higher turnover in more 
caudal regions of dmPFC (R=-0.09, P=0.081). Turnover measurements are the number 
of boutons gained and lost per mm length of axon. Bars represent the mean ± SEM and 
number insets are number of axons measured in each region. Each circle is one axon 
(c, d). * P<0.05 
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Enhancement of OFC→dmPFC bouton plasticity is specific to rule learning 

After the three-day baseline period, we measured the influence of training 

experience on bouton plasticity. Training procedures began with habituation to the 

arena and novel cereal reward on day 4, and then shaping to dig for a piece of cereal 

buried under wood shavings on day 5 (Figure 18a, c). Rule training commenced with 

multiple choice discrimination training on day 6, and recall and reversal training were 

completed on day 7. ‘Trained’ mice consisted of two groups whose experiences 

diverged on day 7: a ‘Recall Only’ group, which learned the discrimination on day 6 and 

were tested for recall on day 7, and a ‘Reversal’ group, which after the recall test were 

additionally trained on a reversed odor-reward contingency on day 7 (Figure 19b; Figure 

23b). ‘Untrained’ controls, imaged on the same daily schedule included ‘Standard 

Housed’ mice and a yoked ‘Arena Control’ group that experienced handling and the 

same environment as ‘Trained’ mice, but without the experience of reward (Figure 13). 

Comparing ‘Arena Control’ to ‘Standard Housed’ mice, we found that the 

enrichment produced by exposure to the arena conditions did not alter OFC→dmPFC 

bouton turnover (group: F(1,16)=0.35, P=0.56; time: F(6,96)=1.70, P=0.13; interaction: 

F(6,96)=0.56, P=0.76; Figure 17a). Also, exposure of the ‘Trained’ group to a novel 

palatable food reward on day 4 (habituation) and learning how to dig on day 5 (shaping) 

did not significantly alter bouton turnover compared to controls (Figure 17c; Figure 18b, 

d) (habituation: F(2, 32)=1.11, P=0.34; shaping: F(2, 32)=3.10, P=0.06). Taken 

together, novel sensory cues, food reward, and motor skill learning were not sufficient to 

drive OFC→dmPFC axon plasticity above baseline levels.  
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Figure 17. Comparison with control groups across training. Data are normalized to 
the mean of the baseline sessions. a, The ‘Standard Housed’ (N=10) and ‘Arena 
Control’ (N=8) groups did not have significantly different bouton turnover across imaging 
sessions. b, The two untrained groups are shown combined, ‘Untrained’ (N=18), and 
compared to the ‘Trained’ group (N=17). Bouton density increased over time, but was 
not different between ‘Untrained’ and ‘Trained’ groups. c, The ‘Trained’ mice had 
significantly higher bouton turnover (gained+lost/2*total boutons) following the odor 
discrimination (day 6) and recall/reversal (day 7) sessions. Graphs show mean ± SEM.  
 

 

Figure 18. Habituation and shaping 
training did not drive significant 
changes in OFCdmPFC bouton 
turnover. a, Schematic of behavior 
arena for habituation (day 4). The 
‘Arena Control’ group was exposed to 
the same arena as the ‘Trained’ group, 
but without food rewards. b, Bouton 
turnover measured on the day of 
habituation was not different between 
groups. c, Schematic of behavior arena 
for shaping (day 5). The ‘Arena Control’ 
group was exposed to the pot of 
shavings, but without food rewards. d, 
Bouton turnover measured on the day 
of shaping was not different between 
groups. Data for each mouse 
(represented by each symbol) was 
normalized to baseline values of 
turnover. Lines indicate mean values. 
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Modeling behavior in multiple choice foraging task  

Mice were trained in the multiple choice odor discrimination on day 6. Mice 

learned to dig in one of four pots of scented wood shavings, only one of which 

contained an accessible cereal reward (Figure 19b). The spatial location of the odors 

was changed in each trial. Mice freely explored the arena and indicated a choice by 

digging in one of the four pots. The rewarded odor (O1) was designed not to be the cue 

initially preferred (O4) by the mice. We hypothesized that the OFCdmPFC circuit is 

utilized in integrating feedback from trial and error learning to generate rules to guide 

goal directed behavior. We used a computational reinforcement learning model based 

on an iterative error-driven learning rule to estimate prediction errors for the animals’ 

choice histories (Bush & Mosteller, 1951; Rescorla & Wagner, 1972; Sutton & Barto, 

1998). These value functions were then used to derive relative choice probabilities 

using a softmax model (Figure 19a; Figure 23a). In this deterministic reward task, the 

rule to achieve the most reward is simply to exploit the highest valued (and most 

probable) choice given the evidence. We therefore classified trials as exploitative if the 

actual choice matched the most probable choice predicted by the model. Exploratory 

trials were classified as the choice of any of the three less probable options (Daw et al., 

2006). Exploratory choices were made to the second most valuable option in 58% of 

explore trials, indicating that mice continued to use a value based strategy in 

exploration.  
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Figure 19. Model for classifying trial strategy and estimating prediction errors. a, 
Computational model of choice probability of the four odor choices for an example 
subject. Experience and relative value compared other choices incrementally update the 
probability of choice. Colored bars represent the actual choice and the choice predicted 
by the model. Trials were classified as exploitative if the actual choice matched the most 
probable choice predicted by the model (black; closed circles). Choice of any of the 
three alternative choices was classified as exploratory (white; open circles). Bottom 
panel are estimated prediction errors based on the choice history. Exploratory and 
exploitative choices can yield both positive and negative prediction errors. b, Schematic 
of behavior arena for odor discrimination training. The spatial location of odor cues was 
shuffled each trial. c, Classification of trials as explore or exploit using the model. 
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Rule learning enhances bouton gain and loss 

Training on the multiple choice foraging task significantly enhanced bouton 

turnover in the ‘Trained’ group (N=17) compared to ‘Untrained’ group (N=18) on both 

day 6 (discrimination) and day 7 (recall/reversal) (group: F(1,33)=14.59, P=0.0006; time: 

F(6,198)=0.87, P=0.52; interaction: F(6,198)=2.38, P=0.03; Figure 17c). The increase in 

turnover was observed as soon as two hours following behavioral training, and returned 

to baseline levels on the final imaging session when mice stayed in the homecage. Data 

were normalized to the mean of the two baseline imaging sessions to control for 

potential contributions of baseline connectivity to behavioral performance. Bouton 

density slightly increased across all imaging sessions but was not different between 

groups (group: F(1,33)=0.06, P=0.81; time: F(7,231)=63.34, P<0.0001; interaction: 

F(7,231)=0.88, P=0.52; Figure 17b). 

Comparing across all three behavioral groups on discrimination day 6, we 

observed a nearly two-fold increase in bouton turnover in ‘Trained’ mice compared to 

‘Arena Control’ mice (Trained: 8.54 ± 0.56%; Arena Control: 4.57 ± 0.63%; 

F(2,32)=10.81, P=0.0003, Figure 20a). The increase in bouton turnover in the ‘Trained’ 

group was driven by greater percentages of total boutons both gained (Trained: 9.38 ± 

0.77%; Arena Control: 5.41 ± 0.76%; F(2,32)=6.36, P=0.005, Figure 20e) and lost 

(Trained: 7.71 ± 0.73%; Arena Control: 3.72 ± 0.84%; F(2,32)=6.06, P=0.006, Figure 

20h) from the previous day. Furthermore, a greater percentage of axons imaged 

exhibited some level of bouton turnover in the ‘Trained’ mice compared to ‘Arena 

Control’ mice, indicating that rule training recruits more axons to active turnover (Figure 

21a).  
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Figure 20. Rule learning enhances bouton gain and loss.  a, Bouton turnover was 
increased compared to the ‘Arena Control’ group following odor discrimination training. 
b-d, Baseline bouton density (d) did not predict the number of exploratory trials in 
discrimination learning (b), but did predict exploitative choice (c). e, Bouton gain was 
enhanced in the ‘Trained’ group after discrimination learning compared to ‘Arena 
Controls’. f, g, Baseline normalized bouton gain in trained mice correlated positively with 
the number of exploit trials (g), but not explore trials (f). h, ‘Trained’ mice also had more 
bouton loss than ‘Arena Controls’. i, j, Baseline normalized loss was correlated with the 
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number of explore trials (i), but not exploit trials (j). One outlier with low baseline loss 
was excluded from the analysis of normalized losses (i, j, 3.53 standard deviations from 
the mean). ** P<0.01, ***P<0.001.  
 

 

 

Figure 21. Recruitment of plasticity in axons in discrimination and reversal 
learning. a, Cumulative frequency histogram of the density of boutons gained and lost 
on day 6 in ‘Arena Control’ (N=76 axons) and odor discrimination ‘Trained’ (N=148 
axons) mice. ‘Trained’ mice had more axons (80.4%) with some level of bouton turnover 
than axons in ‘Arena Control’ mice (70.4%), and the distribution was shifted significantly 
towards higher turnover (KS statistic=0.29, P<0.001). b, Cumulative frequency 
histogram of turnover on day 7. ‘Reversal’ trained mice (N=76 axons) had more axons 
that gained or lost boutons (76.3%) than ‘Arena Controls’ (63.2%), and there was a 
trend towards higher overall turnover (KS statistic=0.21, P=0.06). Two-tailed 
Kolmogorov-Smirnov tests. 
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Exploitation of a rule is correlated with bouton gain and exploration with bouton loss 

We next tested for relationships between the number of exploitative and 

exploratory choices (Figure 19c) and measures of OFCdmPFC bouton dynamics. 

Within the ‘Trained’ group we found that baseline OFCdmPFC bouton density was 

positively correlated with the number of exploitative trials in the discrimination phase 

(R=0.52, P=0.03, Figure 20c) but not with the number of exploratory trials (R=0.43, 

P=0.08, Figure 20b). Baseline OFCdmPFC bouton density did not differ among 

groups (F(2,32)=0.63; P=0.53; Figure 20d). The number of exploitative trials was also 

positively correlated with subsequent gains of new boutons (R=0.61, P=0.009, Figure 

20g), but not with exploratory trials (R=0.38, P=0.13, Figure 20f). In contrast, 

exploratory trials were correlated with bouton loss (R=0.59, P=0.016, Figure 20i) and 

not with exploitative trials (R=0.09, P=0.74, Figure 20j). The net prediction error 

estimated by the model for exploratory trials was positively related to amount of 

exploration (R=0.50, P=0.041; Figure 22a), indicating that mice explored more when 

that strategy yielded a better than expected result. The prediction error generated by 

explore trials was also correlated with bouton loss (R=0.49, P=0.045; Figure 22b). 

 On the 7th day of training, mice were tested for recall of the previous day’s rule, 

which was then reversed within the same session (Figure 23b). During recall, mice 

required fewer trials to reach criterion than during the initial acquisition (Discrimination: 

37.41 ± 3.15; Recall: 10.53 ± 0.66 trials; t(24)=16.49, P<0.0001), indicating memory of 

the odor-reward contingencies over 24 hours. Then for the ‘Reversal’ group, the 

rewarded pot was switched from ‘O1’ to ‘O2’ and the training session continued until 

mice reached criterion (40.56 ± 2.20 trials).  
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Figure 22. Relationship between feedback in exploration and bouton loss. a, The 
total number of exploratory trials is positively related to the cumulative prediction errors 
calculated from exploratory trials in discrimination training. b, The prediction errors from 
exploratory trials in discrimination also significantly correlate with the percentage of 
boutons lost from the previous session. When exploration yielded better than expected 
outcomes, mice had more exploratory trials and also lost more boutons. Each symbol is 
one mouse.  
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Figure 23. Model of reversal learning. On day 7, both trained groups performed a 
recall of the odor discrimination from the previous day to criterion. The ‘Recall’ group 
was returned to the homecage, while the ‘Reversal’ group went on within the same 
session to learn a new odor-reward rule (reversal). a, Model of choice probability and 
estimated prediction errors for explore/exploit trial classification in the reversal phase 
when Odor 2 (orange) is now rewarded. Mice initially tend to exploit the previously 
rewarded choice (old rule, Odor 1, green), then explore the alternate options, and finally 
discover the new rule and exploit it until criterion is reached. b, Schematics illustrating 
recall (Odor 1 rewarded, green) and reversal (Odor 2 rewarded, orange). c, 
Classification of trials as exploratory or exploitative.  
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Bouton remodeling is associated with shift in strategy in reversal 

During the reversal phase, mice explored less (t(8)=1.91, P=0.09, Figure 24a) 

and exploited significantly more (t(8)=4.70, P=0.002, Figure 24b) when compared to the 

discrimination phase. We quantified the relative amount of exploitation and exploration 

as an ‘exploit index’ for each day (exploit-explore trials/total trials), and then examined 

how this index changed across sessions (Figure 24c). The turnover observed following 

discrimination training on day 6 positively correlated with the change in the exploit index 

on day 7 (R=0.72, P=0.027, Figure 24d).  

The dmPFC likely plays a role in this strategy shift. To address this question, we 

re-analyzed the behavioral data from our previous lesion study (Chapter 2; Johnson & 

Wilbrecht, 2011) using the reinforcement learning model to classify choices as 

exploratory and exploitative. We found that lesions of the dmPFC reduced exploration in 

discrimination learning (lesion: F(1,17)=7.34, P=0.0149; strategy: F(1,17)=5.14, 

P=0.037; interaction: F(1,17)=9.06, P=0.008; Figure 25a). In reversal, dmPFC lesions 

significantly increased exploitative strategies compared to sham mice (lesion: 

F(1,17)=5.22, P=0.035; strategy: F(1,17)=90.66, P<0.0001; interaction: F(1,17)=8.27, 

P=0.011; Figure 25b). Furthermore, the mice with dmPFC lesions had a reduced 

change in the ‘exploit index’ between sessions (t(17)=2.19; P=0.043; Figure 25c). 

Together, these results suggest that the OFC and dmPFC work together to choose an 

appropriate behavioral strategy in response to outcome feedback. 
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Figure 24. Bouton turnover is correlated with subsequent shift in strategy. a, b, 
Mice explore less (a) and exploit more (b) in reversal. c, This shift in strategic choice is 
captured by the change in the ‘Exploit Index’ (exploit-explore/trials), where a positive 
number indicates proportionally more exploitation. d, The amount of bouton turnover 
observed following discrimination training the previous day correlated with the shift in 
the ‘Exploit Index’. ** P<0.01. 
 

 

Figure 25. Lesions of the dmPFC alter decision-making strategies and flexibility. a, 
Lesion mice explored significantly less in discrimination compared to sham operated 
animals. b, Lesion mice exploited significantly more in reversal. f, Lesion mice shifted 
their strategy less from discrimination to reversal compared to sham mice. * P<0.05, ** 
P<0.01, *** P<0.001. Bars represent the mean ± SEM.   
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Prediction errors scale bouton loss in reversal  

Analysis of OFCdmPFC bouton plasticity on day 7 showed ‘Trained’ mice had 

higher turnover than ‘Untrained’ control mice (Figure 17c), though this effect was not 

significant when comparing across all four groups (F(3,31)=2.58, P=0.07, Figure 26a) 

and notably did not differ between ‘Reversal’ and ‘Recall’ groups (P=0.99). Breaking 

turnover down into percentage of boutons gained and lost on day 7, we observed that 

the ‘Reversal’ group lost significantly more boutons (F(3,31)=2.95, P=0.048, Figure 26c) 

compared to ‘Arena controls’, but found no differences in bouton gain (F(3,31)=1.31, 

P=0.29, Figure 26b).             

To look more closely at bouton loss, we next tested whether the estimated 

prediction errors derived from the choice behavior in reversal were related to 

OFCdmPFC bouton loss. In the reversal phase, we can assume that when mice 

initially exploit the old rule, which is no longer rewarded, they generate negative 

prediction error signals. Also, when exploration of the alternative options is used to 

discover a new rule to obtain reward, a mix of positive and negative prediction errors 

are also generated (Figure 23a). We first examined the survival of new OFCdmPFC 

boutons gained on day 6 when discrimination learning took place (n=199), to see 

whether these new, potentially task related boutons were lost as a result of reversal 

learning. We found no significant group differences in the survival of OFCdmPFC 

boutons gained on day 6 between the ‘Recall Only’ and ‘Reversal’ trained groups 

(group: F(1,15)=0.27, P=0.61; time: F(2,15)=53.99, P<0.0001; interaction: F(2,15)=0.22, 

P=0.81, Figure 26d). However, within the ‘Reversal’ group, bouton survival correlated 

with negative prediction errors from the old rule (R=0.71, P=0.033, Figure 26e), such 
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that mice who accumulated greater negative prediction errors for choosing the odor 

rewarded on the previous day  lost a greater fraction of  boutons that were gained on 

the previous day.  When we extended this analysis to look at loss of boutons more 

generally after reversal, we observed that cumulative net prediction errors from 

exploratory trials were also correlated with bouton loss in a valence specific manner 

(R=0.94, P=0.0006, Figure 26e and Figure 27b). Net negative prediction errors 

produced by exploration were associated with lower than baseline levels of 

OFCdmPFC bouton loss, while net positive prediction errors from exploration were 

correlated with higher than baseline losses. Together, these data suggest 

OFCdmPFC bouton loss was driven both by negative feedback from exploitation of 

the old rule, and positive feedback from exploration of a better alternative.  
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Figure 26. The outcome of strategic choice correlates with bouton loss in reversal 
learning. a, b, After  reversal training, bouton turnover (a) and bouton gain (b) did  not 
significantly different among the four groups. c, The ‘Reversal’ group lost significantly 
more boutons than the ‘Arena Control’.  d, Survival fraction of new boutons gained on 
day 6. The boutons gained following odor discrimination training were not preferentially 
lost in the ‘Reversal’ group the next day following reversal training. e, The magnitude of 
the estimated prediction error on trials exploiting the old rule was correlated with 
elimination of new boutons formed the previous day. f, Net prediction errors on 
exploratory trials correlated with loss of boutons (gained any day) normalized to 
baseline. Across the group, when prediction errors from exploratory trials across the 
session summed to a net negative, low levels of bouton loss were observed. When 
prediction errors from exploratory trials across the session summed to a net positive, 
increased bouton loss was observed. One outlier was excluded from (f) (2.21 standard 
deviations from mean; see also Figure 27b). * P<0.05 
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Figure 27. Relationship between feedback in exploration and bouton loss. a, The 
total number of exploratory trials is positively related to the cumulative prediction errors 
calculated from exploratory trials in reversal training. b, The net prediction errors from 
exploratory trials in reversal also significantly correlate with the percentage of boutons 
lost from the previous session. When exploration yielded better than expected 
outcomes, mice had more exploratory trials and also lost more boutons. 
 
Discussion 

In summary, we show that learning to exploit a rule in the face of multiple choices 

enhanced the gain and loss of OFC axonal boutons in the dmPFC. The degree to which 

an animal exploited a learned rule was proportional to the density and experience-

dependent gain of OFCdmPFC boutons, while exploration was related to bouton loss. 

We did not observe significant bouton remodeling with environmental enrichment or 

novel food reward, indicating that the observed experience-dependent plasticity was 

specific to rule learning. We further demonstrated that prediction errors drove 

exploration and scaled with bouton loss.  

The association we uncover between remodeling of OFCdmPFC projections 

and exploration is consistent with studies demonstrating a role for the rostral frontal 

cortex in comparison of multiple choices (D'Cruz et al., 2011; Johnson & Wilbrecht, 
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2011), decisions to explore alternative choices (Daw et al., 2006; Pearson et al., 2009; 

Hayden, Pearson, et al., 2011; Kolling et al., 2012; Donahue et al., 2013), and encoding 

the value of choices not taken (Boorman et al.; Boorman et al., 2011). Alternatively, 

trials classified as exploratory could also be considered error trials. Bouton loss could 

be a symptom of failure to engage top-down cognitive control to implement the rule. 

However, the majority of exploratory trials (58%) were to the second most valuable 

choice, indicating that animals continued to use a value-based decision-making strategy 

in exploration. 

Our data uncover an interesting dichotomy between bouton gain and loss for 

exploitation and exploration respectively. The brain has several different systems for 

decision-making, which may operate either in parallel or serially (Rushworth et al., 

2012). A serial system involves first the OFC and related regions for comparison of the 

value of cues and outcomes, and then this information is sent to the anterior cingulate 

cortex (ACC; part of dmPFC in rodents) for comparison of action values. Under this 

framework, dmPFC is thought to encode the value of actions including the exploited 

choice and those not taken (counterfactual choice) (Boorman et al., 2011). However, 

decision-making paradigms with multiple choices reveal that the ACC carries a more 

general signal for the value of exploring the environment for an alternative to the course 

of action currently being pursued (Hayden, Pearson, et al., 2011; Kolling et al., 2012). 

Moreover, in humans, the frontopolar cortex and ACC are both candidates for a 

‘metacontroller’ which arbitrates between habitual and model-based goal-directed 

behaviors (Lee et al., 2014). Exploration of all possible outcomes is an essential step for 

model-based learning. Our results suggest a mechanism of anatomical connectivity by 
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which the brain arbitrates between exploitation and exploration strategies. Experience-

dependent turnover of boutons was correlated with a subsequent shift in behavioral 

strategy, indicating that this connectivity is potentially related to adjusting the 

‘metacontroller’. 

It is notable that we did not observe a significant increase in bouton gain in the 

shaping phase or the reversal phase when mice learned to exploit a second rule. A 

number of factors may explain this. Learning to dig in one choice (shaping phase) or 

adjusting values of two odors in the reversal phase (rather than learning the value of 

four during discrimination) may result in more subtle changes in bouton gains that we 

simply cannot detect. Additionally, the OFCdmPFC circuit may be more heavily 

recruited with greater demands on working memory in the presence of multiple choices 

(D'Cruz et al., 2011). This interpretation is consistent with a role for the PFC in choosing 

a course of action among competing alternatives (Miller & Cohen, 2001). Mice may also 

have learned a more generalized rule during the discrimination phase that was also 

applicable to the reversal session, such as ‘only one odor of four is rewarded on any 

trial.’ The mouse dmPFC may be homologous to regions of primate and human 

prefrontal cortex previously implicated in encoding abstract rules (Asaad et al., 2000; 

Wallis et al., 2001; Badre et al., 2010). 

Interestingly, prediction errors did not correlate with amount of bouton gain in this 

study. This may be because we capped the amount of exploitation by stopping training 

once criterion was reached, thereby also capping the net positive prediction error 

experienced from rewarded outcomes. In support of this idea, we observed that on 

reversal day, the combined ‘Trained’ group had significantly more bouton gain 
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compared to control groups, although there was no difference between the ‘Recall Only’ 

and ‘Reversal’ groups. These groups experienced similar numbers of rewarded 

‘exploitation’ trials (Recall Only: 10.88 ± 1.00; Reversal: 11.00 ± 0.91). Future studies 

are needed to independently vary the number of exploitative trials and the magnitude of 

prediction errors to disentangle these effects.   

Throughout training, prediction errors were correlated with decisions to explore 

as well as bouton loss. Both large magnitude negative prediction errors (due to 

perseveration to the old rule) and large positive prediction errors (in exploration of 

potentially better alternatives) were associated with bouton loss and exploration (Figure 

26 e and f, Figure 27). These findings suggest that the magnitude but not valence of the 

prediction errors may sculpt OFC axonal boutons in the dmPFC, in line with 

observations of unsigned ‘surprise’ signals in the ACC that drive behavioral updating 

(Hayden, Heilbronner, et al., 2011). If OFCdmPFC connections simply mapped cue-

action-outcome associations, we may expect that positive prediction errors would lead 

to bouton gain and negative prediction errors to bouton loss. Our results suggest an 

alternative explanation that the OFCdmPFC circuit uses “surprising” outcomes to 

arbitrate high level decisions whether to explore or exploit, rather than mapping specific 

cues to actions (Chudasama et al., 2013). Explore-exploit decisions have previously 

been shown to be modulated by uncertainty (Daw et al., 2005; Badre et al., 2012; Tervo 

et al., 2014), and future studies are needed to delineate the effects of uncertainty on 

connectivity at the level of synaptic structures. 
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Chapter 5 

Conclusions and Future Directions 

 

“We shall not cease from exploration 

And the end of all our exploring  

Will be to arrive where we started  

And know the place for the first time.” 

 
-T.S. Eliot 

“Little Gidding” 
 

Adolescence is a behaviorally adaptive period 

 From a public health perspective, adolescence is a period of vulnerability to sub-

optimal decision-making with consequences for increased rates of injury, pregnancy, 

addiction, and other adverse outcomes (Arnett, 1992). Despite the public health 

statistics, the unique behavioral characteristics of the late childhood and adolescent 

period may also be developmentally appropriate, perhaps even optimal in an 

evolutionary sense (Steinberg & Belsky, 1996; Crone & Dahl, 2012). During 

adolescence, the subjective evaluation of risks inherent to possible outcomes may rely 

on life stage appropriate drives. For example, adolescents may value peer approval to a 

greater degree than adults and let this factor play a large role in their decisions 

(Gardner & Steinberg, 2005). Thus, what adults malign as “risky behavior” in 

adolescence perhaps is not necessarily driven by impulsivity or the inability to evaluate 

relative costs and benefits (Steinberg, 2008). To the contrary, adolescents (and even 
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older children) may exhibit high levels of goal-directed decision-making, although it may 

be motivated by differential evaluation of decision outcomes than in adults (Furby & 

Beyth-Marom, 1992; Crone & Dahl, 2012).  

 In altricial animals that become independent early in life, such as rodents, 

executive function, and the circuits supporting it, may be developmentally specialized 

for decision-making appropriate for the environmental demands specific to different life 

stages. For rodents, highly flexible foraging strategies may be more adaptive during 

periods of instability and risk such as weaning and natal site dispersal, characteristic of 

early life (König & Markl, 1987; Laviola et al., 2003). In contrast, exploitative strategies 

with may be optimal later in adulthood when a nest site and stable territory have been 

established. In Chapter 2, we demonstrate that juvenile mice show more flexible 

decision-making strategies compared to adults in a multiple choice foraging task 

(Johnson & Wilbrecht, 2011). These results support a growing consensus in the field 

that adolescence is not just a vulnerable period, but also presents a unique opportunity 

for learning and adaptation. 

 

Frontal cortex circuits are ‘online’ in young animals, but may function differently 

 Contrary to popular models of adolescent behavior and brain development that 

emphasize immaturity of the frontal cortex, we found that lesions of frontal cortex impair 

decision-making in both juveniles and adults, indicating that the frontal cortex is “online” 

and functioning even at a young age. In Chapter 3, we show that BLA and OFC 

projections to dmPFC are broadly in place even in juvenile animals. However, the 

plasticity of these circuits was greater in juvenile mice compared to adults, particularly in 
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OFC axons. These results suggest that the frontal cortex is functional at a young age, 

though may be wired up differently than in adults. These imaging results are an 

important step forward to understand the anatomical basis of long-range circuit 

maturation. They suggest that sub-circuits may mature at different rates, and that 

maturation may mean stabilization of synapses, but not necessarily pruning.  

 Taking the results of Chapter 2 and 3 together, we have found that 

OFCdmPFC axons are highly dynamic over the same developmental time period 

when decision-making strategies also have enhanced flexibility. While these findings in 

isolation cannot prove causation in either direction, our study in Chapter 4 more 

carefully examines the relationship between decision-making strategies and structural 

plasticity. 

 

Is there a sensitive period for development of dmPFC? 

 In adult animals, we found that the pre-existing density of boutons in 

OFCdmPFC projections predicted learning and exploitation of a rule in a multiple 

choice foraging task. It is intriguing to consider whether the heightened plasticity we 

observed in juvenile OFC axons represents a sensitive period in development. It may be 

that experience-dependent plasticity during this period shapes frontal circuits in adults, 

biasing animals towards particular decision-making strategies. Future studies may 

consider the impact of either deprivation or enrichment during juvenile development, 

and the impact on choice strategies later in life. Social isolation in the post-weaning 

period in mice disrupts PFC myelination and adult “social exploration” (Makinodan et al., 

2012). These findings mirror our data showing that dmPFC lesion animals had reduced 
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exploration in the foraging task, and make social isolation an appealing potential 

strategy to manipulate OFCdmPFC circuits. More technologically sophisticated 

optogenetic or pharmacosynthetic (DREADDs) approaches may be used to directly test 

the effects of activity levels on long-range axonal plasticity. 

  
Exploration disengages OFCdmPFC connectivity 

 An accumulation of studies indicate a role for rostral frontal cortex (and dmPFC 

in rodents) in strategic exploration (Daw et al., 2006; Pearson et al., 2009; Donahue et 

al., 2013). Behavioral analysis of our dmPFC lesion experiments showed a reduction of 

exploration. In vivo imaging of OFCdmPFC axons following training in the multiple 

choice foraging task showed that exploration was correlated with disconnection of this 

circuit through bouton loss. The strength of the projection from OFC may act as a break, 

that when lifted permits exploration. Optogenetic inactivation of this projection during the 

decision-making task may reveal more definitive evidence for gating of exploratory 

strategy.  
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