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Abstract

Adolescence marks a time of unique neurocognitive development, in which executive functions 

reach adult levels of maturation. While many core facets of executive function may reach 

maturation in childhood, these processes continue to be refined and stabilized during adolescence. 

We propose that this is mediated, in part, by interactions between the hippocampus and pre-frontal 

cortex. Specifically, we propose that development of this circuit refines adolescents’ ability to 

extract relevant information from prior experience to support task-relevant behavior. In support of 

this model, we review evidence for protracted structural and functional development both within 

and across the hippocampus and prefrontal cortex. We describe emerging research demonstrating 

the refinement of adolescents’ ability to integrate prior experiences to support goal-oriented 

behavior, which parallel hippocampal-prefrontal integration. Finally, we speculate that the 

development of this circuit is mediated by increases in dopaminergic neuromodulation present in 

adolescence, which may underlie memory processing, plasticity, and circuit integration. This 

model provides a novel characterization of how memory and executive systems integrate 

throughout adolescence to support adaptive behavior.

1. Introduction

Adolescent neurodevelopment has garnered great attention because of the associated 

propensity towards increased risk taking behavior (e.g., unprotected sex, substance use) and 

the emergence of psychopathology (e.g., schizophrenia, mood disorders). Prevailing 

neurodevelopmental models agree that a relative predominance of reward processing over 

executive functions is core to increased exploration and sensation seeking in adolescence. 

These processes are thought to garner an adaptive stage of information seeking in service of 

obtaining experiences that supports independence as adults (Shulman et al., 2016). The 

process of acquiring information to adapt to environmental demands is present throughout 

the lifespan. However, during adolescence there are unique elements of information seeking 

that define it as a unique period compared to earlier development and adulthood. The nature 

of the rewards that drive information seeking change across development (mother’s face in 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Neurosci Biobehav Rev. Author manuscript; available in PMC 2017 November 01.

Published in final edited form as:
Neurosci Biobehav Rev. 2016 November ; 70: 46–58. doi:10.1016/j.neubiorev.2016.07.034.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



infancy, to professional satisfaction in adulthood, and social networking in adolescence). 

Further, the nature of information seeking is qualitatively different. Adolescents partake in 

sensation seeking behaviors (including exploration and novelty seeking) that incur a risk to 

survival to acquire new experiences, reflecting a unique quality to information seeking 

during this time of the lifespan. As proposed in prior neurodevelopmental models (Luna & 

Wright, 2016; Shulman et al., 2016), adolescents plan actions independent from the 

guidance of others that prioritize value of immediate rewards while suppressing information 

regarding negative consequences. By adulthood, the experiences that were accumulated in 

earlier development are integrated and organized in a manner to support reliable 

implementation. These prior models are based on a large developmental cognitive 

neuroscience literature that focuses on the maturation of prefrontal executive systems, 

dopamine systems associated with reward processing, and the nature of their interaction 

(Luna & Wright, 2016; Shulman et al., 2016). However, missing from these models are 

neurodevelopmental mechanisms that detail how adolescents are able to reliably use 

acquired experiences to support adult levels of cognition.

Here, we extend these prior models by integrating the function of hippocampal memory 

systems, which could support the ability for prior experiences to influence the specialization 

of prefrontal systems. Similar to prefrontal cortex and mesolimbic dopamine systems, the 

hippocampus demonstrates a protracted development through adolescence. Here we propose 

that developmental trajectories of the hippocampus and hippocampal-prefrontal (HPC-PFC) 

interactions support the integration and organization of experiences that can influence 

prefrontal systems. First, we will present our model where we propose that adolescence is a 

period of specialization in which the maturation of relevant brain systems peaks. This, in 

turn allows the critical integration of relevant brain processes across the hippocampus and 

prefrontal cortex that lead to the stabilization of cognition in adulthood. Specifically, we will 

present brain structural evidence that hippocampal memory and prefrontal executive systems 

have reached critical levels of maturation and that HPC-PFC interactions strengthen in 

adolescence. We will then present neurobehavioral evidence that the ability to use prior 

experiences to facilitate goal-relevant behavior, i.e. the execution of task-relevant demands, 

is enhanced through adolescence. Finally, we expand upon prior models of interactions 

between executive and reward systems to provide a mechanistic role for the dopaminergic 

system in supporting these developmental trajectories. Specifically, we predict that peaks in 

dopaminergic signaling, which occur in adolescence, not only expand memories of prior 

experiences, but also promote HPC-PFC interactions to incorporate these prior experiences 

to support task-relevant behavior. We believe these mechanisms support the ability for 

adolescents to actively acquire experiences from their environment and prioritize 

experiences that will continue to support goal-oriented behavior throughout adulthood.

2. A Model for Integration of Prior Experience to Support Adaptive Behavior 

in Adolescence

In this review, we build upon prior neurodevelopmental models to include the role of 

information gathering and episodic memory in the maturation and refinement of executive 

function. Previous models have proposed that executive functions in adolescents are 
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undermined by significant immaturities in prefrontal systems in addition to a hyperactive 

motivational drive (Shulman et al., 2016; Spear, 2000). We have extended this model to 

underscore that prefrontal systems have reached a threshold of maturation by adolescence, 

evidenced by behavioral, functional MRI, and structural MRI studies (Hwang, Hallquist, & 

Luna, 2013; Luna, Marek, Larsen, Tervo-Clemmens, & Chahal, 2015; Ordaz, Foran, 

Velanova, & Luna, 2013; Raznahan, Greenstein, Lee, Clasen, & Giedd, 2012), but that 

access to adult level executive control is limited and variable due to immature connectivity 

among brain regions underlying different core cognitive functions (Hwang, Ghuman, 

Manoach, Jones, & Luna, 2016; Hwang, Velanova, & Luna, 2010). We propose that the 

access to adult levels of executive function in conjunction with enhanced motivational/

reward processing in adolescence set a unique drive to use the arsenal of accumulated 

experiences (i.e., memories). The incorporation of these memories allows for selection and 

organization of adaptive experiences to support the construction of heuristics needed to 

transition into adulthood.

Extending upon the above detailed model, we introduce an experience-driven adaptive 

cognition model of adolescent development (See Figure 1). This model proposes that the 

refinement of executive function during adolescence results, in part, from the ability to better 

incorporate prior experiences into task-relevant responses. Although these processes are 

evident throughout development, the relative peak in maturation of prefrontal and 

hippocampal systems putatively allows for the strengthening of HPC-PFC integration. We 

further propose that this integration facilitates the incorporation of relevant prior experiences 

into executive function. This model builds on prior evidence indicating that the neural 

systems underlying basic memory processing and executive functions reach critical 

maturation around adolescence. That is, they are distinctly more mature in adolescence, i.e., 

similar to adult levels, than in childhood. The ability to predominantly integrate HPC-PFC 

systems supports the ability to reliably incorporate information acquired during past 

experiences to support task-relevant behavior. As this integration reaches mature levels, 

information about prior experiences can be retrieved, either implicitly or explicitly, to inform 

adaptive behavioral responses. Specifically, during adolescence, changes in structural and 

functional connectivity promote interactions between neural circuits specialized for episodic 

memory (i.e., the hippocampus) and executive function (i.e., prefrontal cortex), and these 

interactions allow for distributed information processing across this circuit. This integration 

allows individuals to refine their ability to query previous experience of successful goal 

attainment and generalize that information to engage them readily in concomitant situations 

with similar goals. Finally, increased dopamine availability may promote the use of acquired 

experiences in novel contexts and support plasticity for selection and organization of 

adaptive experiences by enhancing information processing across HPC-PFC circuits and 

stabilizing this circuitry as individuals approach adulthood.

This model makes several predictions about individuals’ neurobehavioral profiles across 

adolescence, many of which have yet to be tested. First, simple behaviors that rely on 

information within the hippocampus and prefrontal cortex will reach adult levels of 

maturation before adolescence. Second, the ability to select or integrate across multiple prior 

experiences in order to facilitate task-relevant goals will be particularly enhanced during 

adolescence as information processing continues to integrate across the hippocampus and 
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prefrontal cortex. The retrieval of prior experiences in service of task-relevant behavior can 

manifest as both the accurate selection of context-dependent behavioral responses, i.e. 

selecting behaviors that are most adaptive given an individual’s environmental cues, or the 

integration of information across multiple previous episodes to develop heuristics. Although 

untested, we predict that these developmental trajectories will be concurrent with the peaks 

in mesolimbic engagement during adolescence, as this is a major determinant of neural 

plasticity and integration.

Below, we provide empirical research supporting the foundation of the proposed model as 

well as neurobehavioral data supporting facets of the above predictions. We organize the rest 

of the review in the following order. First, we review literature examining the role of HPC-

PFC integration supporting the retrieval of prior experience in supporting task-relevant 

behavior (Section 3). Second, we provide structural evidence that hippocampal and 

prefrontal circuitry reach a threshold of integration during adolescence (Section 4), followed 

by neurobehavioral evidence in support of our model (Section 5). Finally, we end with 

predictions of how and why this organization peaks during adolescence, highlighting a 

predominant role for the dopamine neurotransmitter system (Section 6).

3. Neural Systems Underlying the Integration of Prior Experience and 

Executive Function

Our model proposes that adolescence represents a time when individuals retrieve acquired 

experiences to inform task-relevant behavior by extracting information from relevant, 

previous episodes. This ability becomes relevant when individuals have to inform their 

current behavioral responses based on information learned in the past. For example, a teen 

may hesitantly walk into a party at a new place not knowing what to expect. However, when 

she sees friends she has partied with in the past, she may retrieve those memories, providing 

a social contextual cue regarding what behaviors and actions may be appropriate to the 

setting. As the party progresses, those behaviors that were goal concomitant will be 

reinforced (being jovial and social) and integrated into emerging heuristics while those that 

proved goal incompatible (being aggressive or vain) will not be incorporated into future 

behavior. These processes can help individuals generalize over multiple, similar experiences 

to select the most effective behavioral responses, i.e., the use of heuristics and/or schemas. 

Accordingly, our model is not limited to a single aspect of cognition, but rather it generalizes 

across a wide variety of cognitive domains including executive function, learning and 

memory, and decision-making. Thus, we propose that interactions between the hippocampus 

and prefrontal cortex can inform the adolescent maturation of behavior drawn from multiple 

cognitive domains. Before reviewing the developmental literature supporting these 

processes, we first review the adult literature characterizing how HPC-PFC interactions 

contribute to integrating prior experiences with task-relevant behavior.

At the core of our model is the hypothesis that adolescents encode relevant details of prior 

experiences and retrieve these memories from the past to inform task-relevant behavior. This 

aspect of integrating prior experiences taps into a specific aspect of memory processing. 

Prominent models of memory systems delineate two distinct memory processes: item 
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memory, which retains individual, unitized representations of the environment supported by 

cortical medial temporal lobe (MTL), including the parahippocampal and perirhinal cortex, 

and associative memory, which retains flexible representations of relationships amongst 

discrete items and their contextual environment supported by the hippocampus (Davachi, 

2006; Eichenbaum, Yonelinas, & Ranganath, 2007; Ranganath, 2010). We propose that 

while both are present throughout the lifespan, associative memory plays a predominant role 

in the ability for adolescents to select and organize experiences to achieve adult levels of 

cognition. Associative memory is particularly critical for retrieving contextual details from 

prior experiences to match to new contexts that have compatible task goals. While memory 

processes are thought to rely on neural circuitry throughout the MTL cortex, associative 

memory is dependent on intact hippocampal function. Lesions to the hippocampus, which 

spare the surrounding MTL cortex, result in deficits in associative memory (Diana, 

Yonelinas, & Ranganath, 2007). Relevant for our model are associative memories encoded 

by the anterior hippocampus, which supports flexible, relational representations of previous 

experiences, as opposed to the more rigid representations stored by the posterior 

hippocampus (Poppenk, Evensmoen, Moscovitch, & Nadel, 2013; Preston & Eichenbaum, 

2013). These flexible associative memories may be necessary to generalize relevant 

information across multiple experiences to apply in novel contexts.

The hippocampus is highly connected to the prefrontal cortex predominantly by the uncinate 

fasciculus (UF), a white matter tract that provides connectivity among frontal, medial 

temporal, and limbic structures and has been found to be critical to associative memory 

(Simons & Spiers, 2003). Human neuroimaging and lesion studies have found that HPC-

PFC interactions predict both the encoding and retrieval of associative memory (Blumenfeld 

& Ranganath, 2007). Further, the integrity of the UF has been found to be associated with 

associative memory processes (Von Der Heide, Skipper, Klobusicky, & Olson, 2013) but not 

item memory (Alm, Rolheiser, & Olson, 2016; Thomas, Avram, Pierpaoli, & Baker, 2015). 

Homologous evidence from animal models supports that lesions to both hippocampus and 

prefrontal cortex, or connections amongst them, disrupt flexible retrieval of associative 

memory (Preston & Eichenbaum, 2013). These connections are purported to be organized 

and specialized so that connections to medial prefrontal cortex support affective processes 

and those to lateral prefrontal cortex support executive processes (Barbas, 2000). These 

converging lines of evidence underscore that critical to associative memory is not only the 

storing of item associations in hippocampus but also its integration with prefrontal systems 

that support planning and execution of task goals.

In our model, we predict that the retrieval of relevant prior experiences is necessary to 

perform a variety of complex executive functions, particularly behaviors that show 

protracted development throughout adolescence such as memory judgments relying on the 

hippocampus (i.e., associative memory, recollection-based memory) and the consistency of 

executive function (see Section 5). While research has largely focused on the necessity of 

prefrontal cortex during executive function, behaviors that require the retrieval of prior 

contexts for optimal performance additionally rely on the hippocampus. Both lesion and 

human neuroimaging work have shown a critical role for integrated function of HPC-PFC 

during executive function. In humans, interactions between the hippocampus and prefrontal 

cortex have been implicated during successful working memory performance (Sigurdsson & 
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Duvarci, 2015), particularly in tasks that depend on prior information from previous trials. 

For example, in a spatial working memory paradigm where participants collected rewards in 

a radial maze, there were greater HPC-PFC interactions when participants had to actively 

maintain which spatial locations they had previously visited (Bähner et al., 2015). Similarly, 

the ability to hold items in working memory for extended periods of time relies not only on 

the prefrontal cortex but also the hippocampus (Dudukovic, Preston, Archie, Glover, & 

Wagner, 2011; Lewis-Peacock & Postle, 2008; Olsen et al., 2009), a process thought to rely 

on prospective memory to retrieve stored representations of the items. Convergent evidence 

from rodent models concur in showing that HPC-PFC interactions support a variety of 

executive behaviors. For example, lesions to the rodent UF reliably disrupt performance on 

conditional rule-learning tasks, flexible reversal learning, and delayed match–to-sample 

tasks (Bussey, Wise, & Murray, 2002; Eacott & Gaffan, 1992; Gaffan, Gaffan, & Harrison, 

1988; Gutnikov, Ma, Buckley, & Gaffan, 1997; Parker & Gaffan, 1998). Together, these 

studies provide evidence for a relevant role for associative memory in executive function and 

underscore the importance of HPC-PFC connectivity in integrating information about 

associations with task-relevant behavior.

Recent evidence for value-based decision making has further supported that HPC-PFC 

interactions are necessary when choice behavior relies on the retrieval of relevant prior 

experiences (Doll, Simon, & Daw, 2012). While a large literature has shown that decision 

processes rely on value signals in the striatum, there is further engagement of HPC-PFC 

circuits when choice necessitates the integration of prior experience to build models of 

decision contexts. This integration of prior experiences relevant to the concurrent 

environment with decision-making processes has been referred to as model-based decision-

making. These processes are in contrast to model-free decision making, which relies on rigid 

associations independent of the current environment. Previous human research has shown 

that adaptive performance during model-based decision-making relies on HPC-PFC function 

(Doll, Duncan, Simon, Shohamy, & Daw, 2015; Doll, Shohamy, & Daw, 2015; Otto, Raio, 

Chiang, Phelps, & Daw, 2013; Otto, Skatova, Madlon-Kay, & Daw, 2015). In line with this 

literature, HPC-PFC interactions have been shown to be critical for the use of heuristics 

during decision-making, a process which necessitates generalization over multiple prior 

experiences to make optimal decisions (Gigerenzer & Gaissmaier, 2011). For example, 

neuroimaging studies have shown that the emergence of heuristics is associated with 

increased HPC-PFC coupling (Gluth, Sommer, Rieskamp, & Büchel, 2015; Kumaran, 

Summerfield, Hassabis, & Maguire, 2009). These findings suggest that the ability to perform 

model-based decision-making would rely on integrated HPC-PFC function, and our model 

would predict that these behaviors would become predominant during adolescence.

Together, these studies provide empirical support that the ability to extract information from 

relevant prior experience to support concurrent behavior is associated with HPC-PFC 

integration. Evidence for this mechanism emerges from multiple fields including associative 

memory, complex executive function, and model-based decision-making. We next review 

studies that support that the maturation of HPC-PFC circuits and the developmental 

refinement of the associated behavioral phenomenon emerge during adolescence. We first 

review the structural development of hippocampal and prefrontal systems in isolation as well 

as their integration throughout adolescence (Section 4). Then, we turn to neurobehavioral 
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studies that demonstrate the emergence of memory-executive function interactions and show 

that it is paralleled by functional HPC-PFC integration (Section 5). Finally, we propose a 

theoretical framework to understand how and why HPC-PFC interactions are particularly 

relevant for adolescent development by providing evidence for a modulatory role for 

dopamine signaling.

4. Structural Development of Integrated Hippocampal-Prefrontal Circuitry

Our model postulates that the ability for retrieval of relevant prior experience to support 

task-relevant behavior emerges through the development of integrated HPC-PFC circuitry. In 

support of this model is a substantial and growing body of work demonstrating structural 

development within and between the hippocampus and prefrontal cortex. This circuit 

includes some of the most protracted structural changes that have been observed in the 

developing brain and includes changes not only in the hippocampus and prefrontal cortex, 

but importantly in the structural pathways mediating their interactions.

Structural changes in the prefrontal cortex extend through adolescence (Spear, 2000). Recent 

histological studies in humans indicate that synaptogenesis increases throughout childhood, 

with pruning proceeding through puberty possibly demarcating a qualitative shift towards 

prefrontal specialization. Prefrontal cortex pruning persists well into adulthood (See Figure 

2a) and may underlie the prominent decreases in prefrontal cortex gray matter volume 

associated with this time period (Gogtay et al., 2004). Pruning of the prefrontal cortex 

during adolescence occurs most notably in layer 3 pyramidal cells, as evidenced in post-

mortem human studies (Petanjek et al., 2011). Details of this developmental trajectory have 

been extended using non-human primates as an animal model. Of particular interest for our 

model, layer 3 prefrontal cortex pyramidal neurons have a relatively high number of 

dendritic spines, which support the integration of multiple sources of information (Elston, 

2000). Further, they are the target of robust, long-distance monosynaptic connections and 

have a complex network of GABA-ergic and glutamatergic afferents, which are thought to 

underlie the instantiation of oscillations that can synchronize information processing across 

discrete neural regions (Elston, 2000; Gonzalez-Burgos & Lewis, 2008). These features of 

layer 3 prefrontal cortex pyramidal neurons support their role in the refinement of network 

interactions with discrete regions across the brain. Further, the relatively late maturation of 

these synaptic connections suggests that neural computations that rely on network 

integration with the prefrontal cortex (i.e., HPC-PFC interaction) may also rely on the 

protracted maturation of layer 3 pyramidal neurons. Our model would predict that these 

developmental changes in the prefrontal cortex support reliable integration of information 

processing with the hippocampus.

One reason the development of an integrated circuit across prefrontal cortex and 

hippocampus may not mature until adolescence is that the hippocampus has also been shown 

to continue to mature throughout adolescence and well into adulthood. Postnatal 

development of the hippocampus in humans has been extensively studied in part due to its 

status as one of few brain regions that undergoes significant adult neurogenesis and 

protracted myelination throughout much of the lifespan (Benes, 1989; Benes, Turtle, Khan, 

& Farol, 1994). Of particular interest to our model, accumulating research has shown that 
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there are significant changes to anterior portions of the hippocampus, which supports 

flexible relational representations of past experiences. Within this region, both human post-

mortem (Abrahám et al., 2010) and in-vivo MRI (Lee, Ekstrom, & Ghetti, 2014) studies 

show increases in volume until early adolescence (13–14 yo), followed by a protracted 

volumetric decrease (Daugherty, Bender, Raz, & Ofen, 2016; DeMaster, Pathman, Lee, & 

Ghetti, 2014; Gogtay et al., 2006; Lee et al., 2014; Tamnes et al., 2014) (see Figure 2b). 

Although these studies contain a number of conflicting results, they generally support 

volumetric increases during childhood followed by decreases in anterior hippocampus 

persisting into and throughout adolescence. While the causes of volumetric changes are still 

speculative, work from a diverse array of human and animal studies has suggested several 

candidate mechanisms. Namely, human post-mortem studies have suggested that volumetric 

changes may arise from ongoing myelination (Benes, 1989; Benes et al., 1994). Animal 

research has complemented this work by showing volumetric changes are also dependent on 

experience-dependent axonal sprouting identified in rats (Holahan, Rekart, Sandoval, & 

Routtenberg, 2006; Ramírez-Amaya, Balderas, Sandoval, Escobar, & Bermúdez-Rattoni, 

2001), as well as synaptic pruning found in non-human primate and genetic studies (Cocchi, 

Drago, & Serretti, 2016; Eckenhoff & Rakic, 1991). Critically, it has been proposed that the 

cumulative effect of these structural changes is the refinement of the anterior hippocampus 

in service of supporting associative memory (Ghetti & Bunge, 2012). It is of interest to note 

that human synaptogenesis peaks in prefrontal cortex in late childhood (10 years of age) 

earlier than anterior hippocampus in adolescence (13 years of age), suggesting that critical 

maturation of prefrontal systems may facilitate maturation of hippocampal systems, 

supporting the later predominance of associative memory (Ghetti & Bunge, 2012; Petanjek 

et al., 2011). However, causal relationships between the developmental trajectories of these 

two systems have yet to be studied and are targets for future animal research.

We propose that the HPC-PFC integration of information processing is dependent on 

developmental trajectories of white-matter tracts that facilitate communication across these 

regions. In particular, there is histological evidence from rat (T. M. Jay & Witter, 1991; 

Swanson & Cowan, 1977), non-human primate (Barbas & Blatt, 1995; Cavada, Compañy, 

Tejedor, Cruz-Rizzolo, & Reinoso-Suárez, 2000), and human (Ebeling & von Cramon, 

1992) studies that the UF provides the most prominent pathway for HPC-PFC connectivity 

via relays in MTL cortex (for review, see Amaral & Witter, 1989; Von Der Heide et al., 

2013). Most intriguingly to our model, human in-vivo diffusion tractography studies have 

provided substantial evidence that the UF is one of the latest white matter tracts to develop, 

showing continued maturation through the third decade of life (Lebel et al., 2012; Olson, 

Von Der Heide, Alm, & Vyas, 2015; Simmonds, Hallquist, Asato, & Luna, 2014)(See 

Figure 2c). While UF volume relative to total intracranial volume is constant throughout 

adolescence (Hasan et al., 2009), a growing number of studies support increased markers of 

white matter integrity that persist into early adulthood (Barnea-Goraly et al., 2005; 

Eluvathingal, Hasan, Kramer, Fletcher, & Ewing-Cobbs, 2007; Hasan et al., 2009; 

Simmonds et al., 2014), which may reflect protracted myelination. Critically, it has been 

proposed that the developmental trajectories of these white matter tracts support the 

emergence and refinement of associative memory processes, and thus in line with our model, 

the use of associative memory to support flexible cognition (Ghetti & Bunge, 2012; Von Der 
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Heide et al., 2013). It is important to note that the UF is not the only white matter tract 

between MTL and PFC structures that contributes to memory processes. In particular, the 

cingulum bundle provides a less direct pathway, projecting back from the anterior MTL to 

occipital regions before tracking around the corpus collosum through parietal and eventually 

prefrontal regions. Our longitudinal DTI studies indicate that the UF has an even later 

maturation than the cingulum (Simmonds et al., 2014). While both the UF and cingulum 

have protracted development, with maturation persisting through the second decade of life 

(Lebel et al., 2012; Simmonds et al., 2014), we focus on the UF due to its more direct 

connectivity between the MTL and prefrontal cortex and the extensive lesion studies which 

have characterized its role in associative memory processes (Von Der Heide et al., 2013).

Generally speaking, adolescence also marks a time in which functional cortical networks, 

whose organization is already in place, show increased cross-network integration (Marek, 

Hwang, Foran, Hallquist, & Luna, 2015). Although many properties of core networks of 

resting state connectivity, including segregation, small-worldness (Fair et al., 2009; 

Fransson, Aden, Blennow, & Lagercrantz, 2011) and hub organization (Hwang et al., 2013), 

are largely in place prior to adolescence, interactions among networks, including those 

centered on MTL regions, continue to mature supporting improvements in executive 

function (Marek et al., 2015). These data are compatible with our model, in which function 

within the hippocampus and pre-frontal cortex, i.e., development within core regions, have 

matured by adolescence, but in which integrated function does not emerge until adolescence 

due to the maturation of network connectivity. Relating this literature to our proposed 

model, functional imaging data has shown that the left hippocampus and left orbitofrontal 

cortex were both connected with the posterior cingulate cortex (PCC) in 13 year olds, but 

not in 10 year olds (Sherman et al., 2014), suggesting that the refinement of network 

integration including the HPC and PFC may initiate during early adolescence.

Together, these results support developmental changes in both the intrinsic properties of the 

anterior hippocampus and the prefrontal cortex that are heightened during adolescence. Our 

model predicts that during this time period, integrated function of these regions reach a 

critical threshold that allows for reliable engagement of information processing across these 

regions. Specifically, we suggest that this evolving circuitry mediates improved performance 

on tasks that require integrated function of these regions, either by retrieving past episodes 

that help identify which behaviors are relevant for the current task demands or by allowing 

integration across multiple episodes to help constrain adaptive behaviors. Importantly, this 

late timetable of white matter maturation through adolescence supports our proposal that 

adolescence is a time of unique refinement of HPC-PFC connectivity. We next review 

neurobehavioral studies that support a refinement of HPC-PFC circuitry throughout 

adolescence relevant to both of these behavioral profiles.

5. Neurobehavioral Evidence of the Refinement of Integrated Hippocampal-

Prefrontal Function throughout Adolescence

In the prior section, we provided evidence for the structural integration across HPC-PFC 

circuits throughout adolescence. The structural development of these integrated circuits is 
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paralleled by developmental improvements in the ability to reliably extract information from 

relevant prior experiences in service of task-related behaviors. This is evidenced both by 

neuroimaging investigations of facilitations in integrated HPC-PFC function as well as 

behavioral studies indicating a refinement of behaviors relying on this circuitry. Notably, in 

many of these studies the retrieval of prior experiences is not explicitly probed, but rather 

theoretical models support that previous experiences are supporting these task relevant 

behaviors (see Section 3).

While more simple forms of memory (i.e., item memory, familiarity) mature relatively early 

(i.e., pre-adolescence), associative memory continues to develop towards adult levels 

through adolescence. Prior to adolescence, the basic building blocks of memory processing 

have reached maturation. Children are able to perform at adult levels in simple stimulus-

response learning tasks, implicit priming tasks, and declarative memory tasks that do not 

require the retrieval details of prior experiences (Billingsley, Lou Smith, & Pat McAndrews, 

2002; Brainerd, Holliday, & Reyna, 2004; Finn et al., 2016; Ghetti & Angelini, 2008; 

Meulemans, Van der Linden, & Perruchet, 1998; Piolino et al., 2007). However, more 

complex forms of associative memory that support the retrieval of details of prior 

experiences continue to develop through adolescence (Billingsley et al., 2002; Brainerd et 

al., 2004; Cycowicz, Friedman, Snodgrass, & Duff, 2001). A study of memory processing 

across 6 to 18 year olds showed a prolonged maturation of recollection-based judgments, 

which reflect associative memory. Conversely, simple forms of familiarity-based memory 

did not change after childhood (i.e., 8 years old) (Ghetti & Angelini, 2008). Neuroimaging 

evidence has further shown that the maturation of associative memory processes is related to 

neurodevelopment of integrated HPC-PFC circuitry. FMRI studies have shown greater 

reliance on the prefrontal cortex during associative memory throughout adolescence into 

early adulthood (Ofen et al., 2007) as well as greater functional coupling between the 

hippocampus and prefrontal cortex (Menon, Boyett-Anderson, & Reiss, 2005; Ofen, Chai, 

Schuil, Whitfield-Gabrieli, & Gabrieli, 2012)(See Figure 3b). Importantly, anterior portions 

of the hippocampus may be particularly relevant for adolescent neurodevelopment of 

associative memory. In adolescents and adults, but not children, the volume of the anterior 

hippocampus as well as functional activation of the anterior hippocampus and prefrontal 

cortex predict better associative memory performance (DeMaster et al., 2014). Critically, 

research investigating pre-adolescent development have detailed increases in associative 

memory processes as well as changes in connectivity between the hippocampus and 

prefrontal cortex (Riggins, Geng, Blankenship, & Redcay, 2016). However, the extant 

evidence above shows that these processes approach adult levels in adolescence. Together, 

these findings suggest that the initiation of prefrontal-hippocampal integration may begin in 

childhood, but these processes do not reach a critical point of maturation until adolescence. 

In turn, our model predicts that the reliability in retrieving appropriate memories to support 

behavior doesn’t emerge until adolescence, although some markers of these processes 

appear earlier.

The same protracted developmental trajectories described above for associative memory are 

paralleled by development of executive functions that are theorized to rely on the accurate 

retrieval of previous experiences and integrated HPC-PFC function. The basic tenants of 

executive function and their underlying neural substrates have been shown to be established 

Murty et al. Page 10

Neurosci Biobehav Rev. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by early childhood, with evidence that many of these properties emerge as early as infancy 

(Garon, Bryson, & Smith, 2008; Jones, Rothbart, & Posner, 2003). However, the fidelity and 

stability of these processes continue to mature throughout adolescence. For example, while 

the ability to generate an executive response at the single trial level is available early in 

development, developmental improvements are seen in the rate of correct responses, their 

precision, and their consistency (Luna et al., 2015; McIntosh et al., 2014; Tamnes, Fjell, 

Westlye, Østby, & Walhovd, 2012). Within our theoretical framework, the ability to reliably 

select the appropriate behaviors could be stabilized by prefrontal interactions with 

hippocampus. Specifically, this refinement in executive function emerges from being able to 

generalize over multiple previous experiences to develop heuristics of behavioral repertoires 

that reduce variability. In line with this interpretation, behavioral evidence has indicated an 

increased reliance on heuristics during problem-solving in adolescents compared to children, 

supporting that development to adult levels of cognition is marked by refinement of 

heuristics (Borst, Aïte, & Houdé, 2015).

Although relatively few studies have investigated functional HPC-PFC interactions during 

the maturation of executive systems, there is some extant data to support our theoretical 

model. In a neurodevelopmental working memory study, researchers characterized HPC-

PFC interactions during a delayed match-to-sample task using a longitudinal design tracking 

individuals from early to late adolescence (Finn, Sheridan, Kam, Hinshaw, & D’Esposito, 

2010). Working memory performance improved across adolescence, which paralleled 

differences in functional connectivity between the prefrontal cortex and hippocampus. 

During early adolescence, there was significant HPC-PFC coupling during both high and 

low load trials; however, by late adolescence, there was only significant interactions for high 

load trials. Further, HPC-PFC interactions predicted behavioral performance at both time 

points. Importantly, theoretical work suggests that performance on delayed match-to-sample 

tasks that utilize a longer delay, such as those in the described study, can rely in part on 

retrieval of the identity of the target stimulus from episodic memory. Given this theoretical 

framework, the above findings suggest that in early adolescence, individuals begin to show 

the ability to integrate information processing across the prefrontal cortex and hippocampus, 

and maturation throughout adolescence leads to further refinement of this circuitry. A 

similar refinement of HPC-PFC interactions was recently demonstrated in a 

neurodevelopmental study investigating problem solving in the math domain (Qin et al., 

2014)(see Figure 3a). In this study, individuals completed arithmetic problems that could 

either be solved using procedure-based strategies (i.e, counting) or memory-based strategies 

(i.e., retrieval of prior-encoded information). The investigators found that the use of 

associative memory strategies increased throughout adolescence into adulthood. Further, 

retrieval-based strategies were associated with increased HPC-PFC coupling when age was 

matched. Finally, adolescent development was associated with greater stability in 

hippocampal representations of retrieval-based strategies, a mechanism that would 

theoretically reduce variability in problem-solving behavior. These findings are in line with 

our theoretical model in that adolescents refine their ability to generalize over multiple prior 

experiences and use this information for task-relevant behaviors. Together, these behavioral 

and neuroimaging studies suggest that the integrated function of HPC-PFC is refined 

throughout adolescent neurodevelopment, and this integrated circuitry supports the 
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implementation of relevant experience-based heuristics to support flexibility in executive 

function.

Finally, evidence from value-based decision-making has further supported that the retrieval 

of relevant information from prior experiences to support choice behavior does not reach 

adult levels of maturation until adolescence. Extant research has shown that adolescents have 

the ability to use simple stimulus-response relationships to make reward decisions 

incorporating prediction error signaling to guide future choice (Hartley & Somerville, 2015). 

However, recent studies investigating model-based decision-making, which relies on 

building models from prior representations of the environment, show that the capacity to 

retrieve memories to support choice reaches adult levels in adolescence. A recent study 

showed that the execution of cognitive models based on experiential priors, however, does 

not emerge until early adolescence and does not plateau until adulthood (Decker, Otto, Daw, 

& Hartley, 2016). In line with these findings, recent studies have shown that adults, unlike 

children and adolescents, are more likely to use learned heuristics or instructions to execute 

value-based decisions (Decker, Lourenco, Doll, & Hartley, 2015; Kwak, Payne, Cohen, & 

Huettel, 2015). Although these studies were behavioral, the processing involved is putatively 

thought to rely on HPC-PFC interactions (Doll et al., 2012). Similarly, a recent 

neuroimaging study explicitly investigated how maturation of HPC-PFC interactions 

supports related decision-making behaviors (Voss, O’Neil, Kharitonova, Briggs-Gowan, & 

Wakschlag, 2015)(See Figure 3c). In this study, participants first performed a simple 

stimulus-response learning task with feedback learning. Halfway through learning, a reversal 

manipulation was introduced in which adaptive behavior necessitated the retrieval of prior 

contextual information. Simply stated, participants could not accurately perform the task 

unless they were able to retrieve and discriminate between memories of contextual demands 

presented earlier in the task. Results indicated that neural and behavioral markers of simple 

stimulus-response learning were similar in early versus late adolescents. However, late 

adolescents showed a relative advantage of retrieving prior contexts to update choice 

behavior compared to young adolescents, and behavioral advantages were associated with 

greater engagement of both prefrontal cortex and hippocampus. While we focused our 

review to the human literature, a large body of animal research has shown parallel 

developmental trajectories in learning and decision-making. For example, research has 

shown that many simple learning processes, like fear conditioning, are intact in the 

adolescent rodent, however, how these learned associations are used to guide choice 

behavior continues to develop into adulthood (see Hunt et al., 2016 in the same issue).

Functional neuroimaging and behavioral studies alike support the proposal that adolescence 

marks a time period in which there is a refinement in HPC-PFC integration. Support for this 

neurodevelopmental model spans multiple cognitive domains including learning and 

memory, executive function, and value-based decision making. The extant evidence 

indicates that this neurodevelopmental integration supports refinements in the ability to 

integrate prior experiences, mediated by the hippocampus, to dynamically enhance task-

relevant behavior, mediated by the prefrontal cortex. These interactions may be particularly 

relevant for stabilizing context-specific heuristics to implement behaviorally-appropriate 

responses in varied environments as adults.
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6. A Role for Dopaminergic Neuromodulation in Guiding the Maturation of 

Integrated Hippocampal-Prefrontal Function throughout Adolescence

Thus far, we have provided evidence for the development of distributed information 

processing throughout the prefrontal cortex and hippocampus throughout adolescence, 

which is associated with the ability to effectively retrieve relevant prior experiences in 

service of task-relevant behavior. Open questions remain, however, as to why the 

neurodevelopment of this circuit is particularly sensitive to adolescence. Although not 

directly tested in a neurodevelopmental framework, we theorize that maturational changes in 

dopamine signaling and its associated neuromodulation may be particularly relevant for 

these processes. Dopaminergic neuro-modulation reaches its peak during adolescence and 

begins to decline in adulthood (detailed below). Elevated dopamine may contribute to propel 

the type of exploration that relies on associative memory processes as novel contexts are 

engaged independent from supervision or guidance. Importantly, given the critical role for 

dopamine in plasticity, network integration, and information processing (Durstewitz & 

Seamans, 2002; Jay, 2003; Lisman & Grace, 2005), heightened levels of dopamine during 

adolescence could provide the neurochemical foundation to support HPC-PFC integration.

The dopamine system undergoes prolonged maturation that continues throughout late 

adolescence into early adulthood (Dahl, 2004; Padmanabhan & Luna, 2014; Spear, 2000; 

Wahlstrom, White, & Luciana, 2010). Behaviorally, adolescents show developmental 

changes in behaviors tightly coupled with dopaminergic function, including reward 

sensitivity, novelty seeking, and exploration, which are expressed less leading into adulthood 

(Dahl, 2004; Spear, 2000). Sensation seeking is characterized by pursuing reward despite 

evident risks, which may support the active exploration of new contexts and experiences. 

Memories of these novel experiences can than be used in the service of specialization during 

executive function. This marked increase in dopamine-related behaviors during adolescence 

parallels significant changes in dopamine signaling. Animal models have indicated that peak 

levels of dopamine signaling occur during puberty, particularly in regions relevant for 

motivation and reward learning (i.e., ventral striatum) (Andersen, Dumont, & Teicher, 1997; 

McCutcheon et al., 2012; Padmanabhan & Luna, 2014; Tarazi, Tomasini, & Baldessarini, 

1999; Tarazi et al., 1999; Teicher, Andersen, & Hostetter Jr., 1995; Wahlstrom et al., 2010). 

Similarly, human post-mortem studies have shown that the most dynamic changes in 

dopamine receptors occur during adolescence (Haycock et al., 2003; Meng, Ozawa, Itoh, & 

Takashima, 1999; Weickert et al., 2007). Further, the structural and functional integrity of 

dopaminergic targets in humans, like the ventral striatum, continue to develop throughout 

late adolescence (Raznahan et al., 2014; Wahlstrom et al., 2010). FMRI studies indicate a 

peak in striatal reactivity in adolescence during reward processing, believed to mirror the 

aforementioned evidence in animal models (Padmanabhan & Luna, 2014).

Multiple properties of dopamine suggest that its relatively high signaling during adolescence 

would support the theoretical foundations of our model. First, dopamine in the prefrontal 

cortex has been shown to mediate a variety of executive processes, including working 

memory, cognitive control, and action selection (Arnsten & Li, 2005; Goldman-Rakic, 1996; 

Robbins & Arnsten, 2009). The ability of dopamine to facilitate prefrontal cortex signal-to-

Murty et al. Page 13

Neurosci Biobehav Rev. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



noise processing is thought to underlie the ability to actively stabilize task-compatible 

representations, and inhibit task-incompatible representations, to support behavior (Cohen, 

Braver, & Brown, 2002; Durstewitz & Seamans, 2002; Durstewitz, Seamans, & Sejnowski, 

2000; Winterer et al., 2004). Similar processes have also been shown to mediate the 

prefrontal cortex’s role in memory retrieval (Floresco & Phillips, 2001; Phillips, Ahn, & 

Floresco, 2004).

Dopaminergic mechanisms in the hippocampus may also foster the use of prior relevant 

experience in service of adaptive behavior (Shohamy & Adcock, 2010). Dopamine, 

particularly the enhanced dopamine signaling in adolescence, results in increased novelty-

seeking and exploratory behaviors (Ikemoto & Panksepp, 1999), specifically behaviors that 

reflect hippocampal-mediated, active acquisition of information from novel environments, 

rather than simple orientation to novel stimuli. Beyond information seeking, animal models 

have shown that dopamine enhances episodic memory encoding and stabilizes active 

representations into long-term memory (Lisman & Grace, 2005; Wang & Morris, 2010). 

More recently, human research shows that interactions between mesolimbic dopamine 

systems and hippocampus enhances associative memory encoding (Adcock, Thangavel, 

Whitfield-Gabrieli, Knutson, & Gabrieli, 2006; Murty & Adcock, 2014; Shohamy & 

Wagner, 2008; Wolosin, Zeithamova, & Preston, 2012), resulting in rich representations of 

prior experiences. These findings suggest that the increases in dopamine signaling during 

adolescence independently increase the number of experiences stored in long-term memory 

as well as the fidelity of retrieved memory representations during goal-relevant behavior.

More relevant to our proposed model, dopaminergic neuromodulation has further been 

shown to directly support the integration of information across HPC-PFC. Dopamine 

signaling from the ventral tegmental area (VTA), the source of mesolimbic dopamine 

neurons, has been proposed to set rhythmic patterns of excitatory firing to synchronize 

neural signaling across discrete regions (Tibor Koós & Tepper, 2002; T. Koós & Tepper, 

1999). Rodent research has shown synchronized activity across the VTA, PFC, and 

hippocampus as well as dopaminergic neuromodulation of HPC-PFC interactions during 

spatial working memory (Seamans, Floresco, & Phillips, 1998). Of particular relevance, 

dopamine may specifically influence prefrontal-dependent retrieval of prior experiences 

from the hippocampus. Research has demonstrated that dopamine-dependent modulation 

over HPC-PFC connectivity was necessary to perform a working memory task that required 

retrieval of responses on previous trials, i.e., a spatial delayed-alternation task (Goto & 

Grace, 2008). Its peak in availability may serve as a trigger for associative memory 

processing to become predominant. These findings support that enhanced dopaminergic 

signaling in adolescents may directly facilitate information processing across the prefrontal 

cortex and hippocampus.

Beyond supporting information processing across the prefrontal cortex and hippocampus, 

dopamine is known to play a key role in plasticity by stabilizing the integration of discrete 

networks into adulthood (Jay, 2003). A long history of research has implicated dopamine 

signaling in both learning and plasticity. Rodent studies have demonstrated that hippocampal 

long-term potentiation (LTP), a cellular marker of experience-dependent plasticity, is 

mediated by dopamine (Huang & Kandel, 1995; Li, Cullen, Anwyl, & Rowan, 2003). For 
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example, application of dopamine within the hippocampus mimics neurophysiological 

profiles induced by standard experimental protocols of experience-dependent plasticity, and 

dopaminergic antagonists will block plasticity during these protocols (Huang & Kandel, 

1995). Similarly, dopamine has been shown to enhance neuroplasticity and reorganization of 

cortical circuits (Bao, Chan, and Merzenich 2001). Most relevant to our model, animal 

research has shown that plasticity across hippocampal-prefrontal circuits is driven by 

dopaminergic neuromodulation (Gurden, Takita, & Jay, 2000; Gurden, Tassin, & Jay, 1999; 

Jay, 2003). For example, the magnitude of dopamine levels in the prefrontal cortex has been 

shown to predict the magnitude of plasticity between the hippocampus and prefrontal cortex, 

as measured by LTP (Gurden et al., 1999). Within our framework, during childhood 

dopamine neuromodulation may not be strong enough to establish reliable network 

integration, but during adolescence elevated dopamine signaling could support long-lasting 

communication across the hippocampus and prefrontal cortex.

Critically, the role of dopamine in guiding plasticity across these circuits may be specifically 

driven by mechanisms of reward learning, which is amplified during adolescent 

development. Computational models have suggested that behaviors that lead to reward result 

in the release of dopamine and that this dopamine release stabilizes the associated neural 

circuitry (Frank, Loughry, & O’Reilly, 2001; Montague, Hyman, & Cohen, 2004). If the 

integration of function across HPC-PFC circuits yields higher reward rates, dopamine 

signaling could reinforce integrated processing across this circuit. During adolescence, there 

is increased sensitivity to rewarding outcomes, which would result in greater amounts of 

dopamine release and greater opportunity to refine HPC-PFC circuits. Further, during 

adolescence, there are increases in exploratory and novelty-seeking behaviors, which give 

individuals the opportunity to refine this circuit in a variety of novel situations. This type of 

reward-guided plasticity would in turn allow adolescents to establish connectivity across the 

hippocampus and prefrontal cortex to flexibly support information processing across diverse 

contextual domains. As individuals move into adulthood, decreasing of dopamine signaling 

would dampen the hypersensitivity from rewards, stabilizing the degree of plasticity to 

adaptive levels necessary for reliable consistent adult level functioning. Together, these 

different lines of research provide compelling support for adolescence being a unique period 

of plasticity and refinement of HPC-PFC circuits for the establishment of contextually-

relevant responses to guide and optimize goal-oriented behaviors.

Together, these literatures provide a viable mechanism as to how prefrontal-hippocampal 

integration may reach a critical threshold during adolescence. Namely, dopamine increases 

the stability of prior experiences in long-term memory while simultaneously increasing 

signal-to-noise processing within the prefrontal cortex. In addition, greater dopamine may 

serve to motivate the search for novel experiences regardless of risk that can support 

independence. Further, dopamine has properties that would allow information processing to 

be distributed between nodes of this circuit, as opposed to being processed independently in 

the hippocampus or prefrontal cortex. Finally, dopamine has properties that allow these 

changes in network connectivity to be refined based off of behavioral success and to 

stabilize these networks not only during adolescence, but throughout adulthood. However, 

the role of development in integrating these processes has yet to be tested. Further research 
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is warranted in relating changes in dopamine signaling with both the integration of 

appropriate prior experiences in task-relevant behavior and HPC-PFC integration.

7. Conclusions

Adolescence is a time characterized by heightened sensation-seeking and a newly acquired 

access to prefrontal executive function that motivates exploration and experience gathering. 

We introduce the Experience-Driven Adaptive Cognitive Model of adolescence that 

integrates the retrieval of relevant prior experiences with refinement in prefrontal executive 

function. Together, this integration may underlie the ability to establish adaptive heuristics 

critical for adult level functioning. We identified two interrelated brain mechanisms, HPC-

PFC integration and dopaminergic neuromodulation over this circuitry, that support this 

distinct adolescent mode of operation. The model proposes that elevated dopamine signaling 

in adolescence strengthens HPC-PFC interactions, allowing increased flexibility in the use 

of prior experience to guide task-relevant behavior. In the current review, we highlight the 

role of this circuit in the domains of episodic memory, executive function, and decision-

making. Critically, prior research has implicated a role of integrating prior experiences with 

task-relevant demands in other areas of cognition, including attention (Hutchinson & Turk-

Browne, 2012), social cognition (Murty, FeldmanHall, Hunter, Phelps, & Davachi, 2016; 

Rubin, Watson, Duff, & Cohen, 2014), and emotion processing (LaBar & Cabeza, 2006; 

Murty, Ritchey, Adcock, & LaBar, 2010). Further, emerging evidence suggests that 

behaviors associated with these cognitive domains may rely on interactions between the 

hippocampus and prefrontal cortex (Shohamy & Turk-Browne, 2013). Future areas of 

empirical and theoretical research will need to test how our proposed model generalizes to 

these other domains. While the hippocampus and prefrontal cortex are each capable of a 

wide range of functions prior to adolescence, this increased coupling compels experience 

gathering. While this increased motivation to gather novel experiences can lead to a variety 

of risk taking behavior which could be maladaptive, these processes may be critical to the 

adaptive transition to adult levels of executive function.

This period of active coordination of major brain systems may reflect a period of unique 

plasticity to afford selection of optimal approaches for decision-making. As such, this is an 

adaptive period where obtaining a broad range of experiences driven by reward expectation 

may support greater specialization. This stage of active specialization, however, may also be 

particularly vulnerable to the emergence of psychopathology including schizophrenia, mood 

disorders, and substance use disorders, all of which have been associated with abnormal 

function in pre-frontal, hippocampal, and dopamine systems. The nature of vulnerability 

during this period of development highlights the critical role of experience in affecting 

neurodevelopmental trajectories throughout the lifespan. For example, previous research in 

animal models and humans have demonstrated that exposure to drugs of abuse during 

adolescence results in alterations in HPC volume and neurophysiology that has downstream 

consequences on drug abuse and affective disorders (see Spear, 2016 and Silveri et al, 2016 

in the same issue), which may have downstream consequences on HPC-PFC interactions. 

Characterizing this period of adolescent development, and its sensitivity to drugs of abuse 

and other environmental insults, is critical to a greater understanding of normative increases 

in sensation seeking and psychopathology.
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In summary, the ability to incorporate experience to task relevant behavior is a core process 

throughout development. Earlier in development, this mechanism becomes critical in the 

discovery of the environment and accumulation of relevant experiences. However, executive 

systems are immature, undermining the ability to plan goal directed behavior and limiting 

the extent of self-generated exploration. By adolescence, an arsenal of relevant experiences 

has become available. These experiences in conjunction with adult-level prefrontal executive 

function allows exploration with an unprecedented ability to plan goal directed behavior 

independent from adult assistance. During adolescence, the relative maturation of prefrontal 

executive systems, hippocampal memory systems, and increased dopamine processing may 

support a qualitative shift in the dynamic integration amongst these systems. This integration 

could support a qualitative change from experience accumulation to the selection and 

organization of prior experiences in order to support future behavior. A peak in sensation 

seeking, driven by heightened dopamine signaling, and the relative maturation of HPC-PFC 

interactions may support the prioritization of integrating prior experiences in a flexible 

manner to individually specialize behaviors to environmental demands. As a consequence, 

the ability to readily and dynamically integrate hippocampal and prefrontal systems affords 

cognition that is enhanced by the integration of experience.
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Highlights

Retrieval of relevant prior experience can facilitate executive function.

Adolescents refine the ability to integrate prior experience to support task 

behavior.

Hippocampal-prefrontal integration continues to mature throughout 

adolescence.

Dopamine signaling during adolescence may support hippocampal-

prefrontal integration.
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Figure 1. 
Proposed Model of Experience-Driven Maturation. Developmental trajectories within an 

across prefrontal, hippocampal, and mesolimbic dopamine systems contribute to the 

refinement of using prior experiences to guide task-related behaviors. Within the prefrontal 

cortex (blue), there is an early maturation of executive functions including cognitive control, 

working memory, and task-relevant behaviors prior to adolescence. In parallel within the 

hippocampus (teal), there is a maturation of memory-related processes that emerge prior to 

adolescence and are refined throughout adolescence. Critically, increased dopaminergic 

signaling in the VTA (orange) support both integration and plasticity within and across the 

hippocampus and prefrontal cortex (red), which results in the ability to distribute 

information processing across these regions. Together, this developmental trajectory results 

in the ability to use prior episodes to reliably guide task-relevant behavior. Individual plots 

summarize the proposed neurodevelopmental trajectories of discrete components of the 

model (adolescence highlighted in light blue).
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Figure 2. 
Structural development of prefrontal cortex, hippocampus, and the uncinate fasciculus 

through adolescence. (A) Dendritic spine density from layers III and V of prefrontal cortex 

from a human postmortem study (Petanjek et al., 2011, Figure 2). Spines peaked in mid-

childhood and decreased throughout adolescence, with pruning persisting into the third 

decade. (B) Volumetric changes in hippocampus throughout the lifespan as assessed by MRI 

(Daugherty et al., 2016, Figure 3 B,C). These changes were documented across multiple 

sub-regions of the hippocampus (CA1:top and CA3:bottom) fields continued well into 

adulthood. (C) Longitudinal DTI analysis of uncinate fasciculus (UF) fiber tract showing 

age-related changes in fractional anisotropy for raw data (left) and averaged data (right; 

Simmonds et al., 2014, modified from Supplemental Figure 2).
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Figure 3. 
Functional neurodevelopment of experience-dependent behaviors. (A) Functional 

connectivity between the hippocampus and prefrontal cortex during performance of a 

declarative memory task increased with age in conjunction with age-related improvements in 

the hit rate of recognizing previously viewed scenes (Ofen et al., 2012, Figure 4). (B) 

Increased reliance on memory-based, rather than counting-based, math strategies from 

childhood through adolescence (top) was accompanied by improved stability of 

hippocampal pattern representations (bottom) (Qin et al., 2014, Figures 1,5). (C) Lateral 

prefrontal cortex (left), dorsal striatum (middle), and hippocampus (right) showed significant 

age-related changes in their condition-specific responses to a context-dependent reward task 

(Voss et al., 2015, Figure 3). Prefrontal cortex and hippocampus in particularly showed 

greater activation in young adults compared to early adolescents in their response to context 

shifts, supporting improvements in context-guided, reward-related responses during 

adolescence.
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