'/.‘ ELIfe

*For correspondence:
|denardo@ucla.edu

TThese authors contributed
equally to this work

Competing interests: The
authors declare that no
competing interests exist.

Funding: See page 23

Received: 03 November 2020
Accepted: 28 March 2021
Published: 05 May 2021

Reviewing editor: Catherine
Hartley, New York University,
United States

() Copyright Klune et al. This
article is distributed under the
terms of the Creative Commons
Attribution License, which
permits unrestricted use and
redistribution provided that the
original author and source are
credited.

REVIEW ARTICLE a @

Linking mPFC circuit maturation to the
developmental regulation of emotional
memory and cognitive flexibility

Cassandra B Klune'?', Benita Jin">', Laura A DeNardo'*

'Physiology Department, David Geffen School of Medicine, UCLA, Los Angeles,
United States; ?Neuroscience Interdepartmental Graduate Program, UCLA, Los
Angeles, United States; *Molecular, Cellular and Integrative Physiology Graduate
Program, UCLA, Los Angeles, United States

Abstract The medial prefrontal cortex (mPFC) and its abundant connections with other brain
regions play key roles in memory, cognition, decision making, social behaviors, and mood.
Dysfunction in mPFC is implicated in psychiatric disorders in which these behaviors go awry. The
prolonged maturation of mPFC likely enables complex behaviors to emerge, but also increases
their vulnerability to disruption. Many foundational studies have characterized either mPFC
synaptic or behavioral development without establishing connections between them. Here, we
review this rich body of literature, aligning major events in mPFC development with the maturation
of complex behaviors. We focus on emotional memory and cognitive flexibility, and highlight new
work linking mPFC circuit disruption to alterations of these behaviors in disease models. We
advance new hypotheses about the causal connections between mPFC synaptic development and
behavioral maturation and propose research strategies to establish an integrated understanding of
neural architecture and behavioral repertoires.

mPFC circuits: prolonged maturation and targets for early
intervention

In the rodent, the medial prefrontal cortex (mMPFC) comprises the anterior cingulate cortex (ACC),
the prelimbic cortex (PL), and the infralimbic cortex (IL), which each have distinct connectivity and
functional properties. As a whole, they are densely interconnected with other cortical association
areas, the limbic system, midline thalamic nuclei, and an array of midbrain and brainstem nuclei with
unique behavioral functions. Through these diverse inputs and outputs, mPFC plays a key role in
decision making, memory, social interactions, mood, and cognition (Kolb and Nonneman, 1978,
Kolb et al., 1974, Nonneman et al., 1974). In this review, we focus on cognitive flexibility and emo-
tional learning and memory in both the aversive and appetitive domains. Like many mPFC-depen-
dent functions, the encoding and expression of emotional memories, as well as cognitive flexibility,
are developmentally regulated, emerging, and maturing during early life and adolescence when the
prefrontal cortex is still developing (Kalsbeek et al., 1988, Van Eden and Uylings, 1985;
Lewis, 1997; Kolb et al., 2012).

From birth until early adulthood, mPFC cells and circuits undergo changes in their physiological
properties and the strength of connectivity with distant brain regions including limbic and neuromo-
dulatory centers (Kolb et al., 2012; Figure 1). This prolonged period of development may be neces-
sary because establishing complex behaviors requires an extended interaction with the environment.
However, it opens a long window during which mPFC is vulnerable to disruption. Indeed, numerous
mPFC-dependent behaviors are altered in neuropsychiatric disorders that emerge during childhood
and adolescence including anxiety disorders, impulse control disorders, depression, schizophrenia,
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and autism spectrum disorder (ASD) (Schubert et al., 2015). Although mPFC dysfunction is strongly
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Figure 1. Timeline of major events during rodent medial prefrontal cortex (nPFC) development. The structural and functional organization of mPFC
circuitry is largely established in early postnatal development and then refines into early adulthood. Adolescence is marked by enhanced bidirectional
innervation of mPFC, amygdala, and neuromodulatory centers. Inhibitory neurotransmission increases from P15-P40, with major changes in the
excitatory/inhibitory ratio of synaptic transmission in adolescence. Aspects of mPFC circuit development align with the maturation of cognitive
behaviors. The ability to perform reversal learning and contextual fear learning emerges just prior to adolescence and remains highly malleable until at
least mid-adolescence. Each process is represented as a colored bar, with the gradient of color intensity (low to high) marking initiation, peak, and
decline of the process where applicable. Of note, bars representing the magnitude of axonal innervation usually begin at the earliest point reported in
the literature, but do not remove the possibility of earlier innervation.
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implicated in these diseases, we are only beginning to understand the mechanisms that drive the
milestones in mPFC neurodevelopment and support the maturation of adaptive behaviors.

Below we discuss converging cross-species evidence from genetic, neuroanatomical, and neuro-
physiological studies that reveal continuous remodeling of mPFC cells, synapses, and circuits
throughout healthy development, with dramatic changes occurring from the end of the juvenile
period through adolescence. We focus on the rodent brain because it is a genetically tractable sys-
tem that can establish causal links between circuits and behavior. We highlight new research, pre-
senting it chronologically according to rodent development. In the juvenile period, mPFC neurons
undergo increases in excitability and synaptic strengthening while long-range connections form and
oscillatory rhythms emerge. We postulate that these changes may underlie developmental changes
in the ability to form long-term fear memories. In adolescence, we focus on the maturation of inhibi-
tory and neuromodulatory circuits. During adolescence, dramatic increases in mPFC synaptic inhibi-
tion align with behavioral changes in conditioned fear, reward learning, and reversal learning. At the
same time, the staggered maturation of the monoamine and endocannabinoid (EC) systems shapes
mPFC development in ways we are just beginning to understand. We consider how these processes
may be causally related. New research on key disease-relevant genes underscores mPFC inhibitory
microcircuits, neuromodulatory systems, and long-range connectivity as some of the most vulnerable
elements of developing mPFC circuits. This new work highlights an urgent need to refine our under-
standing of the mechanisms governing mPFC circuit assembly and to establish causal links between
the maturation of mPFC circuits and behavior.

We define postnatal day (P)0-P27 as the juvenile period, P28-P48 as adolescence, and P49-P60
as young adulthood. Each period is marked by milestones in behaviors, sexual maturity, and the
structure and function of mPFC cells and circuits (Callaghan et al., 2019Piekarski et al., 2017a;
Agoglia et al., 2017, Brust et al., 2015). Others have defined the adolescent period in rat as P28-
P42 based on behaviors such as increased risk-taking and social play, inclusion of peak growth
spurts, and the emergence from the parental nest in the wild (Spear, 2000). Still, this age range is
noted as conservative and its margins can significantly vary per individual and sex. For example,
female rats become sexually mature between P32- and P34, but male rats typically mature much
later at P45-P48 (Lewis et al., 2002). Studies on fear learning, addiction, reward, and social behav-
iors define adolescence from as young as P28 to as old as P60, though they center on the range of
P28-P48 (Hefner and Holmes, 2007; Adriani et al., 2004; Simon and Moghaddam, 2015;
Bell, 2018). Adulthood is generally considered to begin between P60 and P70 in rats
(McCutcheon et al., 2009). We integrated this literature to establish our definitions for rats and
mice.

By aligning key events during mPFC development with transition points during the maturation of
complex behaviors, this review highlights missing links between genes, circuits, and behaviors. We
propose that the maturation of the component parts of mPFC circuitry subserves the ontogeny of
complex behaviors, with the behavioral functions of mPFC updating during transitions between criti-
cal windows of development. We put forth novel hypotheses that can be tested by using cutting-
edge viral-genetic tools to link circuit-level and behavioral changes in the developing brain. New
research that addresses these questions could ultimately pinpoint developmental vulnerabilities in
mPFC circuits that give rise to pathological states.

The juvenile period: PO-P27

From birth until the week after weaning (P27), neurons in the rodent mPFC undergo a series of
remarkable anatomical and physiological transformations while long-range projections establish their
connectivity with distant targets. Patterns of oscillatory activity, which can indicate the coordinated
activity of mPFC with distal brain regions and can facilitate long-range information transfer, begin to
appear. In this section, we align these milestones with evidence that mPFC becomes required for
the expression of conditioned fear at the end of the juvenile period. We propose that the juvenile
development of mPFC's long-range connections, particularly those with the basolateral amygdala
(BLA), is necessary for mPFC's ability to regulate conditioned fear. Furthermore, the immaturity of
mPFC and its connections may contribute to the rapid forgetting of contextual fear memories that is
observed prior to P24. Reward learning studies in juvenile rodents are scarce, likely because of
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challenges related to food restriction and operant training in young animals. As a result, this section
will focus on how the development of mPFC in the juvenile period facilitates fear learning and
memory.

During early postnatal development, pyramidal cells within the mPFC show morphological and
functional changes characteristic of synapse development and maturation. During the first month of
life, pyramidal cells in layer (L)3 and L5 in the mouse mPFC undergo dendritic lengthening and
increases in spine density (Kroon et al., 2019). The pyramidal cell growth in mPFC is accompanied
by increases in the speed and amplitude of action potentials and decreased input resistance consis-
tent with increases in ion channel density (Kroon et al., 2019). Between P17 and P24, markers of
excitatory and inhibitory synapse maturation significantly increase in rat mPFC (Jia et al., 2018). In
general, juvenile (P24-P28) pyramidal neurons in mPFC of mice have more dendritic spines and
show more spine turnover than in adults (P64-P68) (Johnson et al., 2016). Thus, juvenile develop-
ment is characterized by a robust period of synaptogenesis as well as synaptic pruning and refine-
ment (Figure 1). For an in-depth review about changes in dendritic spines and synapse numbers
during the juvenile period and adolescence, see Delevich et al., 2018.

During the first two postnatal weeks, mPFC neurons ramp up their spontaneous firing rates signif-
icantly (Brockmann et al., 2011). At P17, rats display significantly higher levels of the immediate
early genes (IEG) Arc, c-Fos, and Zif268 compared to P24 (Jia et al., 2018). |IEGs are expressed rap-
idly in response to cellular events such as depolarization and are often used as markers of neuronal
activity (Minatohara et al., 2015). In adults, basal levels of expression are low but IEGs are tran-
siently induced in response to external stimuli (Minatohara et al., 2015). Thus, the increased IEG
expression in early life may reflect immature regulatory mechanisms that eventually control neuronal
activity in the adult brain including local inhibition and neuromodulation.

Throughout development, there is a gradual yet specific transition in the ratio of excitatory to
inhibitory synaptic inputs per cortical layer. This layer specificity is already evident within the first
postnatal month. By the second postnatal week, L3 pyramidal neurons exhibit more excitatory than
inhibitory spontaneous synaptic events while L5 pyramidal neurons exhibit roughly equal amounts of
each (Kroon et al., 2019). While these laminar differences persist until P30, it is not known to what
extent they remain in adulthood. Given that mPFC layers have unique inputs and outputs
(Gabbott et al., 2005; DeNardo et al., 2015) and display differential receptor expression
(Radnikow and Feldmeyer, 2018), layer-specific differences may indeed persist into adulthood.
Such spatiotemporal differences could ultimately establish discrete subcircuits that permit the mPFC
to partake in several complex behaviors in a multifaceted manner. Further studies need to be done
to elucidate the mechanisms of local mPFC circuit assembly in development.

In addition, oscillatory rhythms, which are critical for precise information flow between regions,
begin to emerge in the mPFC as early as the first postnatal week. As early as P3, the rodent mPFC
exhibits intermittent spindle-shaped field oscillations that are slower (mostly theta frequency),
smaller, and less frequent than their counterparts in sensory cortices (Brockmann et al., 2011). By
P5, short periods of low gamma frequency oscillation emerge superimposed on top of these spin-
dles (Brockmann et al., 2011). Around P10, continuous oscillations emerge with theta as their domi-
nant frequency. These changes occur along a slower developmental trajectory than in sensory
cortices. Theta oscillations are dominant in mPFC-hippocampal communications in the adult brain,
and mPFC oscillatory activities show strong coherence with hippocampal theta even in the first post-
natal weeks. Interestingly, Granger causality analyses revealed that the hippocampus was a stronger
driver of mPFC activity compared to vice versa, but only in the youngest animals studied (P6-P9)
(Brockmann et al., 2011). This suggests that initially the hippocampus entrains network’s activity in
mPFC and that strengthening of descending influence from the mPFC to the hippocampus occurs
later. In both humans and rodents, prefrontal theta is important in memory processes including
working memory, fear memory, and reward memory (Backus et al., 2016; Lesting et al., 2013,
Courtin et al., 2014; Hyman, 2010; Nishida et al., 2009).

Long-range synaptic connections, which support oscillatory rhythms in mPFC, form and
strengthen throughout the early postnatal period. By P7, mPFC axons begin to innervate ventrome-
dial (VM) thalamus (Hartung et al., 2016). mPFC axons begin to innervate the BLA around P10 and
continue to increase in density until P30 (Arruda-Carvalho et al., 2017). mPFC sends projections to
the lateral entorhinal cortex after P7 (Hartung et al., 2016). Afferent axons targeting mPFC arrive
along a similar time course. By P16, amygdalar axons have begun to innervate L2 and L5 of mPFC in
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the PL and IL subregions (Cunningham et al., 2002). By P7, axons from the hippocampus, VM thala-
mus, and lateral entorhinal cortex have also reached PL where they play a critical role in the develop-
ment of oscillatory activity (Hartung et al., 2016). Axons from mediodorsal (MD) thalamus are
present by P1, decrease their density at P13, and then increase innervation into adulthood
(Ferguson and Gao, 2014). Still, most studies of synaptic connectivity in developing mPFC long-
range circuits have been purely anatomical or are lacking altogether. As such, there are a tremen-
dous number of future directions in which researchers can examine the developmental time course
and mechanisms of synapse formation between mPFC and long-range targets (Figure 2).

mPFC connections with limbic centers and thalamic nuclei play key roles in a number of adaptive,
disease-relevant behaviors including the expression of conditioned fear. It is thus likely that synaptic
maturation in these pathways is necessary for the maturation of these behavioral functions. Changes
in mPFC long-range connectivity with the BLA, which is essential for the learning and retrieval of
emotional memories (LeDoux, 2009), may play a key role in the developmental regulation of long-
lasting fear memories. Like humans, rodents exhibit infantile amnesia, meaning that memories
formed early in life are short lasting, while those formed later in life persist (Ramsaran et al., 2019).
This phenomenon has been modeled in rodents with contextual fear conditioning (CFC)
(Akers et al., 2012, Akers et al., 2014) and inhibitory avoidance learning (IA) (Travaglia et al.,
2016). In both tasks, rodents trained before the third postnatal week undergo rapid forgetting of
learned fearful associations within a week. In contrast, rodents trained in the fourth postnatal week
exhibit lasting memories of fearful associations (Akers et al., 2012, Akers et al., 2014,
Travaglia et al., 2016). Although the causal role of the mPFC has not been explored in depth during
CFC and IA in development, there is evidence that the expression of cued fear prior to P23 can
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Figure 2. Progress in research on the development of medial prefrontal cortex long-range connectivity. Light blue
indicates that a particular projection has not been studied in development while dark blue indicates that it has
been relatively well-studied. Dots indicate behavioral repertoires and diseases associated with particular
connections. HPF: hippocampal formation; TH: thalamus; DR: dorsal raphe nucleus; VTA: ventral tegmental area;
LC: locus coeruleus; BLA: basolateral amygdala; HY: hypothalamus; TEa: temporal association area; PTLp:
posterior parietal association area; Hb: habenula; ENT: entorhinal cortex; PAG: periaqueductal gray; STRd: dorsal
striatum; STRv: ventral striatum.
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occur independently of mPFC signaling (Li et al., 2012). P24 thus seems to be a turning point in the
synaptic development of mMPFC connections with the BLA, in the involvement of mPFC in associative
fear memories, and in the development of persistent fearful memories, suggesting that these pro-
cesses may be causally linked (Figure 3).

Importantly, in neuropsychiatric disorders, environmental disruptions and genetic mutations
occurring in development may disrupt the early stages of wiring in mPFC inhibitory microcircuits and
long-range connectivity. There is a rich body of literature demonstrating that early experience
shapes mPFC cells and circuits and the behaviors that rely on them. These studies have been
reviewed extensively elsewhere (Kolb et al, 2012; McEwen and Morrison, 2013;
Nussenbaum and Hartley, 2019). There remain many open questions about the developmental
time course and molecular mechanisms that control mPFC circuit assembly at juvenile stages, and
the maturation of mPFC-dependent behaviors during the juvenile period is just beginning to be
understood. Establishing links between neural and behavioral processes early in development will
ultimately inform our understanding of early stages of disease progression, allowing for develop-
ment of preventative interventions. Later, we discuss how mutations in disease risk genes cause con-
vergent phenotypes in mPFC inhibitory circuits and long-range connectivity and regulate the
organization of neuromodulatory systems, underscoring these circuit elements as some of the most
vulnerable during disease progression. In the concluding paragraphs, we discuss how new studies
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Figure 3. Potential relationships between prelimbic cortex-basolateral amygdala (PL-BLA) circuit assembly and the
development of persistent fearful memories. (A) During juvenile period, weak connections between PL and BLA
may contribute to infantile amnesia. (B) During adolescence, BLA axons continue to innervate PL, and there is a
major increase in feed-forward inhibition in the PL projection to the BLA. In addition, parvalbumin-positive and
somatostatin inhibitory interneurons, which are known to receive direct synaptic input from BLA, undergo
physiological changes. Changes in inhibitory dynamics may contribute to the temporary suppression of fearful
memories during adolescence. (C) In the adult, when fearful memories are robust and long-lasting, PL-BLA
circuitry has stabilized in its mature form, with a slight refinement in the strength of the descending projection
from PL to BLA, and the ascending projection from BLA to PL exhibiting stronger connections onto local
interneurons than onto pyramidal cells.
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can bridge the gaps between circuit maturation and juvenile behaviors using viral-genetic
approaches.

The adolescent period: P28-P48

Adolescence is a key period of maturation for fear and reward learning-related behaviors and cogni-
tive flexibility in which animals employ unique behavioral strategies compared to their adult counter-
parts. Both human and rodent adolescents display heightened novelty-seeking and risk-taking that
can broaden the repertoire of neural and behavioral states and, in doing so, assist individuals as they
transition to independence from parental caretakers (Spear, 2000). Throughout the adolescent
period, rodents gain the ability to form long-term fear memories, begin to display operant goal-
directed behaviors, and improve their performance in tasks that require cognitive flexibility. In this
section, we focus on three key aspects of development that likely underlie the maturation of these
behaviors: (1) the development of inhibitory neurotransmission in mPFC, (2) the development of the
monoamine neuromodulatory systems in mPFC, and (3) the development of the EC system in mPFC.
Major developmental milestones in each of these areas are discussed and aligned with behavioral
changes, while the lack of causal links and gaps in mechanistic understanding is highlighted.

Development of inhibitory neurotransmission

mPFC inhibitory interneurons undergo robust developmental changes in the adolescent period and
are critical for the encoding and expression of fear memories in adulthood. During adolescence, the
maturation of inhibitory circuits in mPFC may thus drive changes in fear memory expression. Here,
we propose that changes in the number of parvalbumin-positive (PV+) and somatostatin-positive
(SST+) cells during adolescence represent changing circuit dynamics that are responsible for the sup-
pression of fear expression between P29 and P35. Further, the sex differences and pubertal influ-
ence over PV neuron development may underlie the increased fear of generalization displayed
specifically in males (Figure 3 and Figure 4).

Throughout adolescence, inhibitory neurotransmission in mPFC becomes more prominent as
inhibitory interneurons develop, assemble into local microcircuits, and refine the dynamics of pyrami-
dal cell activity. After P15, the balance of excitatory to inhibitory inputs onto pyramidal neurons pro-
gresses towards greater inhibition (Bouamrane et al., 2016). This coincides with maturation of all
the major inhibitory interneuron groups within mPFC including PV, SST, and calretinin (CR) neurons.
These changes in inhibition may explain reductions in the basal expression of IEGs between P25 and
adulthood (Jia et al., 2018).

Interestingly, PV development differs between the sexes in certain species. In mice, only males
show significant increases in PV+ cell density from postnatal weeks 4 to 6 (Du et al., 2018). In rats,
both sexes show increased PV+ cell density from P20 to P40 (Holland et al., 2014). Nonetheless,
sex is thought to be an important factor in the development of PV neurons in mPFC. Indeed, manip-
ulations that disrupt PV neuron development have sex-specific effects. Reducing the levels of brain-
derived neurotrophic factor decreases PV protein expression specifically in males (Du et al., 2018).
Female rats exposed to early life stress show decreased PV levels and social deficits earlier than
male rats (Holland et al., 2014). Maternal separation also altered the perineuronal nets of PV inter-
neurons in mPFC in a sex-dependent manner (Gildawie et al., 2020). These sex differences are par-
ticularly important given that PV+ interneuron numbers (or PV expression) are reduced in
neurodevelopmental disorders including ASD, which has a greater preponderance in males
(Rapanelli et al., 2017).

These sex-specific findings are also consistent with evidence that pubertal onset and hormone
regulation are important influential factors in mPFC interneuron development. Prepubertal gonadec-
tomy in female mice prevents the peri-pubertal increase in inhibitory neurotransmission in the ACC
(Piekarski et al., 2017b). Further prepubertal treatment with estradiol and progesterone advanced
puberty and inhibitory neurotransmission development (Piekarski et al., 2017b). Together, these
studies indicate that sex, pubertal onset, and hormone regulation are important determinants of
mPFC development of inhibitory neurotransmission and circuitry.

Despite this, PV expression increases over adolescence in both male and female mice (Du et al.,
2018; Caballero et al., 2014). PV interneurons in the cortex are known for their characteristic fast
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Figure 4. Schematic of prefrontal cellular and circuit changes throughout development. (A) The juvenile period is
characterized by low-density anatomical connections and elevated spine density. (B) During adolescence, long-
range connectivity strengthens along with local inhibitory circuits in medial prefrontal cortex. (C) In the adult,
aspects of circuitry refine, including the density of dendritic spines and neuromodulatory receptors. Long-range
axonal innervation density continues to increase between some regions. Numbers CA1: CA1 region of the
hippocampus; DR: dorsal raphe nucleus; VTA: ventral tegmental area; LC: locus coeruleus; BLA: basolateral
amygdala.

spiking, making them critical modulators of microcircuit function through feed-forward and feed-
back inhibition (Hu et al., 2014). PV, a calcium-binding protein, modulates firing rate by regulating
intracellular calcium concentrations (Hu et al., 2014). The adolescent increase in PV is consistent
with evidence that PV interneurons do not develop their fast-spiking properties in mice until after
weaning (Miyamae et al., 2017). If the increase in PV+ expression in adolescence is disrupted, defi-
cits in mPFC gamma-amino butyric acid (GABA)-ergic neurotransmission last into adulthood
(Caballero et al., 2020). This defines the upregulation of PV protein in mPFC during adolescence as
an important factor that sculpts the local circuit dynamics with lasting effects.

Other classes of interneurons also undergo major developmental changes during adolescence. In
contrast to PV, CR, another calcium binding protein that marks a class of non-fast-spiking interneur-
ons, shows decreasing expression throughout adolescence (Du et al., 2018; Caballero et al., 2014).
SST protein levels increase over adolescence in females (Du et al., 2018). In males, protein levels
stay the same but the number of SST-expressing cells undergoes developmental changes (Du et al.,
2018). Together, these findings show that both number of mPFC interneurons expressing PV, SST,
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or CR and their functional properties change robustly during adolescence albeit with distinct pat-
terns (Figure 1 and Figure 4).

Physiological changes during the development of pyramidal cells are also a critical factor in the
maturation of GABAergic transmission. Early in development, intracellular chloride concentration is
high such that GABAA receptor activation is initially depolarizing (Rinetti-Vargas et al., 2017). As
chloride concentration decreases with age, GABA switches to having a hyperpolarizing effect
(Rinetti-Vargas et al., 2017). In prefrontal pyramidal neurons, the time course during which GABAA
activation becomes hyperpolarizing differs between the dendrites and the axon initial segment (AIS)
(Rinetti-Vargas et al., 2017). In dendrites, the switch to hyperpolarization occurs around P10. In the
AIS, however, the timing of this switch is prolonged into adolescence (Rinetti-Vargas et al., 2017).
The differential effect of GABA, activation contributes to the distinct developmental profiles of
inhibitory circuits as specific classes of GABAergic cells target particular subcellular compartments of
pyramidal cells. For example, chandelier cells, a subtype of PV interneurons, synapse specifically
onto the AIS where they can control action potential generation and potentially synchronize the out-
put of nearby cells (Somogyi et al., 1982). Thus, different interneuron types are able to mature their
functional connections with mPFC pyramidal cells along distinct timelines. Further examination of
the distinct trajectories along which inhibitory microcircuits develop is needed.

The differing developmental patterns of these interneuron classes are pertinent in understanding
the maturation of mPFC-dependent behaviors. Specific interneuron classes play distinct roles in
modulating behavior, particularly learned fear, which is developmentally regulated. For example,
phasic inhibition of prefrontal PV interneurons is required for the expression of conditioned fear.
Through PV neuron-mediated inhibition, prefrontal projection neurons are disinhibited to facilitate
fear expression behavior (Courtin et al., 2014). Plasticity in mPFC SST neurons is essential to encode
fear memories, and, through synapses onto PV interneurons, mPFC SST neurons modulate the
behavioral expression of conditioned fear (Cummings and Clem, 2020; Figure 3).

The regulatory roles of mPFC interneurons in facilitating fear encoding and expression suggest
that the maturation of these neurons is a key event in the developmental regulation of conditioned
fear. Interestingly, there is evidence that contextual fear memories are temporarily suppressed
between P29 and P35. Mice trained at P29 could not express conditioned fear 24 hr later, but did
express conditioned fear 13 days later (Pattwell et al., 2011). This suggests that during early
adolescence fear encoding remains intact, but fear expression is inhibited. Given that both PV and
SST interneurons within mPFC are necessary for fear expression in the adult (Courtin et al., 2014,
Cummings and Clem, 2020), the dynamic changes in protein level, cell morphology, and cell density
that occur in these interneuron populations through early adolescence may underlie developmental
changes in fear memory retrieval. These changes in interneuron populations are likely to interact
with developing long-range connections from key regions including the BLA to influence fear mem-
ory retrieval. While strengthening of bidirectional connectivity between mPFC and BLA from
P10 to P24 may support the ability of rodents to form persistent fearful memories after weaning,
dramatic strengthening of inhibitory transmission in mPFC-BLA circuitry may temporarily disrupt fear
memory retrieval in adolescence (Figure 3).

The sex differences observed in PV interneuron development may contribute to sex differences in
CFC and fear generalization that emerge during development. Males display greater fear generaliza-
tion to a novel context following CFC depending on the developmental stage (Colon et al., 2018).
This phenotype emerges at P37 for generalization displayed 1 day after training and P33 for general-
ization displayed 2 weeks after training (Colon et al., 2018). In adults, male rodents have been
reported to display greater freezing following CFC than females (Wiltgen et al., 2001; Maren et al.,
1994). While this increased freezing has not been reported at adolescent timepoints, linear regres-
sion analyses of CFC from P24 to P60 suggest that males display an upward trend of fear expression
with age while females display a downward trend (Colon et al., 2018). This suggests that the sex dif-
ferences observed in adulthood with regards to contextual fear expression may slowly develop
through adolescence. These phenotypes may result from the increased PV+ cell density observed
throughout adolescence in males but not females (Du et al., 2018).

The development of interneuron populations and inhibitory neurotransmission may also be a key
event in the development of cognitively guided behaviors such as reversal learning. In reversal learn-
ing tasks, rodents must update their response behaviors when the rules required to receive a food
reward are changed. Thus, this behavior relies on persistent motivation for reward, the ability to
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encode reward memories, and cognitive flexibility. Reversal learning is highly dependent on the orbi-
tofrontal cortex (Groman et al., 2019), and while some reversal tasks have been shown to be insen-
sitive to mPFC inactivation (Floresco et al., 2008; Bissonette et al., 2008), others have resulted in
deficits (Kosaki and Watanabe, 2012; Li and Shao, 1998). It has been suggested that mPFC may
be important for reversal learning tasks that require greater attentional processes (e.g., difficult dis-
criminanda, visuospatial components) (Bussey et al., 1997, Izquierdo et al., 2017).

The ability of rodents to succeed in reversal learning tasks is developmentally regulated. Juvenile
rodents (P26-P27) have been shown to perform well on a four-choice discrimination reversal learning
task, learning faster than adults. The performance of both juveniles and adults was reduced following
lesions to the dorsomedial frontal cortex (i.e., ACC) (Johnson and Wilbrecht, 2011). The onset of
puberty (~P30) appears to disrupt this behavior, leading to worse performance as an adult. Prepu-
bertal hormone treatment used to mimic early pubertal onset reduces the rate reversal learning
(Piekarski et al., 2017b). Importantly, mice were able to learn the initial reward association and
showed deficits only after the rule switch. Prepubertal hormone treatment was the same manipula-
tion that, as discussed earlier, increased prefrontal inhibitory neurotransmission, linking these two
phenomena. This suggests that the onset of puberty and increased inhibitory neurotransmission
transiently disrupts the regulation of reward memory to promote adaptive responding. From P30
onward, reversal learning performance steadily increases. While this may be related to refinement of
inhibitory circuitry in mPFC, developmental changes in the orbitofrontal cortex are also likely critical
to this behavioral change (Moin Afshar et al., 2020). Notably, the rate at which reversal learning
was acquired during adolescence predicted performance on the task in adulthood (Moin Afshar
et al., 2020). This suggests that developmental processes influencing reversal learning in adoles-
cence may have long-term behavioral effects (Figure 1).

A major persisting gap in our knowledge of the development of inhibitory interneurons and their
role in cognitive and emotional behaviors stems from a lack of understanding from a circuit perspec-
tive. GABAergic neurons in mPFC receive monosynaptic connections from various long-range inputs;
however, when these connections form and how this affects interneuron development is not under-
stood (Sun et al., 2019; Ahrlund-Richter et al., 2019). Further, it has been documented that mPFC
sends long-range GABAergic projections to subcortical targets but their development also remain
uncharacterized (Lee et al., 2014). Given the unique behavioral contributions of different classes of
interneurons, mapping out the unique spatiotemporal trajectory of their synaptic development
within mPFC microcircuits and performing targeted manipulations of interneuron function during
behavior will significantly advance our understanding of how the synaptic development of mPFC
inhibitory interneurons shapes maturing behaviors.

Development of mPFC neuromodulation

The classical neuromodulators dopamine (DA), serotonin (5-hydroxytryptamine [5-HT]), and norepi-
nephrine (NE) are collectively known as monoamine neurotransmitters. These transmitters are
released by groups of neurons located in the ventral tegmental area (VTA) and substantia nigra, the
raphe nuclei, and the locus coeruleus (LC), respectively. Neurons in these regions send dense projec-
tions to the mPFC, where they release neurotransmitter into the synaptic cleft and into the extracel-
lular space outside the synapse. Upon binding to their respective receptors, they can up- or
downregulate the membrane potential in target neurons.

In the upcoming sections, we bring together evidence indicating there is an interdependence
between the development of the monoamine systems and discuss work relating these developmen-
tal processes to the maturation of cognitive function and emotional learning and memory. The 5-HT
system develops early and contributes to the structural development of mPFC while providing a nec-
essary foundation for maturation of the DA system. Given the role of mPFC DA in defensive
responses, fear learning, and instrumental reward behavior in adulthood, the increase in mPFC DA
during adolescence may underlie the maturation of these behaviors. Because the monoamines are
linked to many behaviors that are dysregulated in psychiatric disease, the interdependence of their
development may explain, in part, the wide variety of phenotypes and genetic mechanisms associ-
ated with disease. Thus, mPFC monoaminergic development may present a convergent target for
novel therapies for psychiatric illness.
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Maturation of the DA system in mPFC

DA fibers from the VTA heavily innervate the mPFC, where they regulate reward learning, fear condi-
tioning, defensive behaviors, and cognitive control (Reynolds et al., 2018; Vander Weele et al.,
2018). DA inputs are already detectable in mPFC at birth and have been observed in L2-L6 by P6
(Kalsbeek et al., 1988). Axonal density of these fibers significantly increases throughout the adoles-
cent period and into early adulthood (Naneix et al., 2012; Willing et al., 2017; Figure 4), with VTA
DA axons growing through the nucleus accumbens on their way to mPFC (Reynolds et al., 2018).
The magnitude of this innervation is dependent on the disrupted in colorectal cancer (DCC)/Netrin-1
axon guidance system and is vulnerable to disruption through early life drug exposure and psychiat-
ric disease (Reynolds et al., 2018; Manitt et al., 2013; Reynolds et al., 2015). The adolescent mat-
uration of DA axons in mPFC is consistent with the increase in extracellular DA levels in mPFC from
P30 to P60 (Niwa et al., 2010). The density of DA receptors increases in the first two postnatal
weeks and then declines thereafter ( Leslie et al., 1991; Tarazi and Baldessarini, 2000). This decline
stabilizes in early adolescence and is maintained into adulthood (Pokinko et al., 2017; Figure 1).
The percentage of DA type 2 receptor (D2R)-expressing neurons within PL neuronal ensembles dra-
matically increases until the fourth postnatal week and remains constant between P30 and P40
(Yu et al., 2019). Importantly, changes in DA receptor levels throughout adolescence are sexually
divergent, with females showing a higher D1R/D2R ratio by early adulthood (Cullity et al., 2019).
Early life perturbation, including social defeat and stress (Hill et al., 2014; Watt et al., 2014), is also
known to disrupt DA receptor levels.

In adulthood, DA in the mPFC plays a crucial role in regulating responses to aversive stimuli and
facilitating fear memory. In mice, DA is released in mPFC during the aversive experience of a tail
pinch and biases behavior towards defensive reactions (Vander Weele et al., 2018). This suggests
that the development of mPFC DA dynamics may play an integral role in the maturation of defensive
behaviors. Throughout adolescence, mPFC becomes increasingly involved in the regulation of innate
fear responses. At P14, mPFC is not responsive to innate fear (Chan et al., 2011). By P26, PL is
responsive to fearful stimuli but not required for fear behavior (Chan et al., 2011). By mid-adoles-
cence (P38-P42), PL regulates freezing behavior for innate fears (Chan et al., 2011). Importantly,
mPFC regulation of innate fear modifies neuronal activity in the ventral periaqueductal gray (PAG).
DA release in adult mPFC has been shown to enhance signals in neurons projecting from mPFC to
the dorsal PAG (Vander Weele et al., 2018). It remains unclear when this response develops and
how it may contribute to the mPFC-PAG activity dynamics in response to aversive stimuli throughout
development.

In addition to innate fear, mPFC DA modulates fear learning. D1 and D4 receptors work antago-
nistically to encode aversive signals during associative fear learning (Lauzon et al., 2009). DA
dynamics also play a role in the persistence of fear memories. D1R and D5R activation in mPFC is
required for the retention of fear memories over the course of a week (Gonzalez et al., 2014). This
is supported by evidence that, depending on the magnitude of DA release in mPFC, it is possible to
predict the accuracy of performance on a memory-guided delayed response task (Phillips et al.,
2004). At P15, contextual fear memory lasts only 14 hr, but by P30, these fear memories can last at
least 28 days (Akers et al., 2012). The adolescent maturation of DA dynamics and receptor densities
likely contributes to the emergence of persistent fearful memories during the same period.

mPFC DA also modulates reward-motivated behaviors. While these tasks can be difficult to test
in young rodents, it is known that instrumental behavior for food reward changes throughout the
adolescent period (Naneix et al., 2012). While adolescent rats learn to lever press for a food reward
similarly to adults, they show deficits in altering their behavior following contingency degradation.
That is, when an action is no longer required for a reward, adolescent rats continue to perform this
action, while adult rats decrease their responding in comparison to another instrumental response
required to receive a distinct food reward. However, adolescent rats are still sensitive to reward
devaluation and perform Pavlovian to instrumental transfer similarly to adult rats (Naneix et al.,
2012; Figure 1). Similar to what has been observed with reversal learning, adolescent rats appear to
be able to form associative reward memories but demonstrate impairments in updating these
memories.

The maturation of this operant behavior parallels the development of DA axon innervation of
mPFC. Importantly, while DA dynamics in the dorsal striatum and nucleus accumbens are also key to
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reward-learning, innervation by DA axons in these regions does not undergo robust increases during
adolescence as occurs in mPFC (Naneix et al., 2012). This poises the development of DA neuro-
transmission in mPFC as a key event to regulate the maturation of particular aspects of motivated
behaviors.

Maturation of the 5-HT system in mPFC

The role of 5-HT neuromodulation during mPFC development is vast, modulating cellular, circuit,
and behavioral development. The 5-HT transporter (5-HTT) directs early morphogenic processes
that produce the laminar and cytoarchitectonic structure of mPFC. 5-HTT knockout (KO) mice display
increased dendritic branching in mPFC pyramidal cells, decreased number of reelin expressing cells,
and changes in morphogen expression that alter cytoarchitectonic development (Wellman et al.,
2007; Garcia et al., 2019). The effect of 5-HT release on mPFC pyramidal cells also changes
throughout development. Administration of 5-HT to mPFC induces depolarization of L5 pyramidal
neurons in pups younger than P19, but shifts to a hyperpolarizing effect commencing during the
third postnatal week (Béique et al., 2004). This progression is due to an age-dependent coordina-
tion of depolarizing 5HT7 and 5HT2A receptors and hyperpolarizing SHT1A receptors. 5HT7 and
5HT1A receptors significantly increase during the second postnatal week and then decrease to
adult-like expression levels throughout adolescence (Soiza-Reilly et al., 2019, Goodfellow et al.,
2009).

As in the DA system, afferent innervation of mPFC by serotonergic axons is developmentally reg-
ulated. A recent study utilizing whole brain mapping of serotonergic axons throughout development
in mice observed a distinct temporal innervation pattern of mPFC. In contrast to subcortical targets
of serotonergic axons, which displayed gradual increases in innervation throughout the postnatal
period, 5-HT-positive axons peaked in mPFC at P7 (Garcia et al., 2019, Maddaloni et al., 2017, Fig-
ure 4). Genetic and environmental factors control 5-HT axonal innervation in mPFC. Deleting the cell
adhesion protein-encoding gene Cadherin-13 (Cdh13) from embryogenesis positively regulates 5-HT
axonal innervation in mPFC (Forero et al., 2017), and early life experiences can modify serotonergic
signaling in mPFC (Ohta et al., 2014). As one of the first neuromodulatory systems to develop in
mPFC, 5-HT afferents might be uniquely sensitive to the earliest postnatal experiences and are likely
to influence a number of subsequent processes during mPFC development. Indeed, the period of
peak innervation falls within what has been suggested as a critical period of mPFC 5-HT signaling.
Blockade of the 5-HTT between P2 and P11 in mice results in impaired fear extinction in adulthood
(Rebello et al., 2014). This manipulation also resulted in dendritic hypertrophy and reduced excit-
ability of pyramidal neurons in IL, the mPFC subregion known to promote extinction (Rebello et al.,
2014). Conversely in PL, which promotes fear expression, pyramidal cells became more excitable
(Rebello et al., 2014). This exemplifies how early postnatal 5-HT levels modify mPFC cellular proper-
ties to influence behavior throughout the lifespan. It is important to note that the critical period of
P2-P11 was established in the 129S6/SvEvTac mouse line, which are known to have higher levels of
anxiety compared with outbred mice (Rodgers et al., 2002). This may indicate that blockade of 5-
HTT converges with other genetic vulnerabilities to produce the behavioral phenotype seen in
adulthood.

A study utilizing 5-HTT KO rats found similar evidence that fear extinction in adults was impaired
and extended their behavioral investigation to preadolescent (P24) and adolescent (P35) timepoints.
Interestingly, they found that while preadolescent rats also displayed impaired fear extinction, ado-
lescent rats showed typical extinction learning (Schipper et al., 2019). This suggests that particular
processes occurring in adolescence, perhaps transient states of circuit maturation or synaptic plastic-
ity, temporarily relieve the inhibited fear extinction induced by the absence of 5-HTT. This further
illustrates the complex processes that underlie mPFC-dependent behaviors and how the interplay
between serotonergic development and other aspects of mPFC development converges to regulate
behavioral phenotypes.

The development of 5-HT and DA systems is highly interconnected. Administration of 6-hydroxy-
dopamine (6-OHDA), which selectively lesions DA neurons, decreases 5-HT innervation of mPFC
(Cunningham et al., 2005). Conversely, deleting the 5-HT transporter selectively increases DA inner-
vation in the IL and PL regions of mPFC and decreases DA innervation in the ACC (Garcia et al.,
2019; Figure 5). Thus, 5-HT neuromodulation in mPFC plays a critical role in orchestrating mPFC
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function from early cellular development to shaping neural circuits to guide behavior. Not only can
aberrations to the 5-HT system impair fear extinction, as discussed above, but through interaction
with DA development, may also affect reward learning and other aspects of fear learning. The mech-
anisms by which 5-HT and DA development intersect in mPFC require further attention.

Maturation of the NE system in mPFC

NE axons, originating from the LC, innervate the frontal cortex during embryogenesis and reach
adult levels by P6 (Levitt and Moore, 1979). Between PO and P2, there is a sharp increase in NE tis-
sue content that lowers by P4 and then steadily increases into adulthood (Levitt and Moore, 1979,
Figure 4). Like the 5-HT system, there is evidence that the NE system interacts with the DA system
in mPFC. Depletion of mPFC DA via local infusion of 6-OHDA from P12-P14 reduced NE content in
mPFC tissue in rats aged P30-P65 (Boyce and Finlay, 2009). However, the same study found that
DA depletion did not significantly affect NE release in response to a stressful tail pinch (Boyce and
Finlay, 2009). Given the prolonged periods of both NE and DA development in mPFC, more studies
are needed to determine when and how the DA and NE systems influence one another during
mPFC development. Further, our understanding of the interaction between 5-HT and NE in the
developing mPFC is entirely lacking (Figure 5). This is despite evidence that these systems are highly
intertwined. For example, mice lacking the NE transporter show NE uptake and release by 5-HT ter-
minals in mPFC (Vizi et al., 2004). With the recent development and refinement of intersectional
tools for circuit mapping (Fenno, 2020), it is now possible to simultaneously visualize and manipulate
different classes of neuromodulatory neurons that project to mPFC within a single brain. These sorts
of approaches will be key to determining how interactions between neuromodulatory systems shape
mPFC development (Figure 5).

In adults, the release of NE in mPFC plays an important role in the responses to both appetitive
and aversive cues. mPFC NE is released in response to both natural and drug reward as well as
reward predictive cues (Mingote et al.,, 2004, Ventura et al.,, 2008, Ventura et al., 2003,
Ventura et al., 2005). The magnitude of NE release is related to the salience of the reward, and
thus, NE may serve as a salience signal (Ventura et al., 2008). Consistent with this, NE release in
mPFC is required for food-seeking behavior in the presence of potentially harmful consequences
(Latagliata et al., 2010). Conditioned release of NE is also observed in response to aversive stimuli
and aversive predictive cues (Ventura et al., 2008; Feenstra et al., 1999). This suggests that the
development of NE innervation of mPFC may shape the maturation of responses to appetitive and
aversive stimuli and that highly salient events during early life may alter the responsiveness of this
system. Indeed, unstable maternal care induces prefrontal NE release and results in increased sensi-
tivity to aversive stimuli in adulthood (Ventura et al., 2013). In the future, studies that manipulate
NE dynamics in the developing mPFC will be necessary to determine whether NE signaling drives
the maturation of reward- or punishment-driven adaptive behaviors.

Adolescent changes in the mPFC EC system

Fear, stress, and anxiety are modulated by EC signaling within mPFC (Lin et al., 2009; Hill et al.,
2011; Fogaca et al., 2012). Impairments in the EC system are observed in a host of psychiatric ill-
nesses including anxiety and depression (Parolaro et al., 2010) . The adolescent period, when many
psychiatric illnesses arise, is marked by robust changes in EC signaling. It has been proposed that
developmental dynamics in EC signaling may regulate the emergence of fearful and anxious behav-
iors (Lee et al., 2016). With evidence emerging that EC receptors may play an essential role in cir-
cuit development, we outline how the EC system may influence mPFC circuit assembly. We further
discuss how genetic mutations associated with the EC system affect mPFC interneuron develop-
ment, long-range axonal projections, and conditioned fear.

The EC system, which predominantly consists of two inhibitory g-protein coupled receptors
(GPCRs; CB1 and CB2) and two ligands (anandamide [AEA] and 2-arachidonoylglycerol [2-AG]), con-
tributes to the balance of excitatory/inhibitory (E/I) synaptic transmission within the mPFC. AEA is a
partial agonist of the CB1 receptor while 2-AG is an agonist for both CB1 and CB2 receptors. Serv-
ing as a retrograde mechanism to inhibit neurotransmission, EC signaling regulates neuronal
excitability.
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Adolescence marks a period of dynamic changes in EC signaling within mPFC and other brain
regions. In rats, AEA levels in mPFC increase throughout adolescence while levels of 2-AG follow a
U-shaped pattern, decreasing from early to mid-adolescence and then increasing from mid- to late
adolescence (Ellgren et al., 2008). CB1 receptor expression levels peak around P25, decrease from
early to mid-adolescence, and then plateau in late adolescence (Ellgren et al., 2008). Higher expres-
sion of CB1 receptors in juveniles coincided with greater CB1-mediated presynaptic inhibition
(Heng et al., 2011). Thus, the EC system is likely to be a prime regulator of neuronal excitability
prior to the maturation of inhibitory connectivity in mPFC.

Additionally, the EC system stands poised to orchestrate mPFC synapse and circuit development.
EC signaling is crucial during the embryonic period for proliferation and specification of pyramidal
cell progenitors (Mulder et al., 2008). The CB1 receptor can also act as an axonal guidance cue;
however, the role of CB1 in orchestrating mPFC-specific axon guidance is not well understood
(Berghuis et al., 2007). Studies conducted in CB1 KO mice have shown that CB1 is required for
healthy mPFC development, particularly interneuron development. The loss of CB1 receptors results
in decreased levels of the PV protein in PFC (Fitzgerald et al., 2011). Further, altered spatial distri-
bution of D2 receptors and reduced mitochondrial number are observed in PV cells in PFC as a
result of CB1 KO (Fitzgerald et al., 2012a). However, because these studies were conducted in
mice that lack CB1 throughout their lifetime, we lack an understanding of how ECs alter mPFC func-
tion through particular phases of development.

Given the robust changes in concentrations of ECs and their receptors throughout adolescence, it
is likely that the adolescent period represents a critical window in which disruption to EC signaling
may cause mPFC development to go awry. In support of this, exposure to a CB1 agonist,
WIN55,212-2, for a 5-day period during mid (P35-P40) or late (P40-P45) adolescence, resulted in
reduced GABAergic transmission in mPFC lasting into adulthood (Cass et al., 2014). Similarly, expo-
sure to tetrahydrocannabinol (THC), the CB1 agonist and psychoactive component of marijuana, dur-
ing adolescence (P35-P45) caused decreased expression of GAD67, the GABA synthesizing enzyme,
and increased pyramidal cell firing in mPFC in adulthood (Renard et al., 2017). Given the necessity
of mPFC inhibitory neurotransmission in the expression of conditioned fear, these manipulations
may have lifelong behavioral consequences.

EC signaling may also be a key influence over development of the DA system in mPFC. CB1
receptors are colocalized at the same GABAergic terminals as D2 receptors and dopaminergic mod-
ulation of EC signaling can result in long-term synaptic depression (Chiu et al., 2010). In retinal cul-
tures, CB1 and CB2 receptors have also been shown to modulate axon guidance through
interactions with the DCC/Netrin-1 system (Argaw et al., 2011; Duff et al., 2013). Given that the
DCC/Netrin-1 guidance system is critical for development of DA axons in mPFC, if interactions
between the EC and DCC/Netrin-1 systems also occur in mPFC, EC activity may influence the extent
of dopaminergic innervation. For example, as 2-AG and anandamide levels increase in adolescence,
changes in CB1 and CB2 activity may in turn alter DCC expression to promote DA axon innervation
and branching. This could support increased and sustained DA innervation of mPFC in adolescence
(Figure 5). For a detailed review of the interactions between the EC and DA systems within mPFC,
see Fitzgerald et al., 2012b.

The enzyme, fatty acid amide hydrolase (FAAH), regulates levels of AEA, thus modulating CB1
receptor signaling. Mutant mice with reduced FAAH protein levels show increased mPFC axonal
innervation of the BLA (Dincheva et al., 2015; Gee et al., 2016). Importantly this phenotype
emerges in adolescence as increased axon fiber density is observed in mice at P45 and P75 but not
P23 (Gee et al., 2016). Behaviorally, these FAAH-mutated mice show decreased anxiety-like behav-
ior and enhanced fear extinction learning. These findings have been recapitulated in humans with
those that express the FAAH A385 allele displaying increased mPFC-amygdala functional connectiv-
ity and lower anxiety in adolescence (Dincheva et al., 2015; Gee et al., 2016). Thus, EC signaling
regulates structural and functional connectivity of mPFC with important consequences for fear and
anxiety-related behaviors.

In adults, EC signaling plays a role in modulating mPFC-dependent behaviors. Levels of ECs mod-
ulate conditioned fear. CB1 antagonism increases conditioned freezing while CB2 antagonism
decreases this behavior (Llorente-Berzal et al., 2015). Further, inhibiting AEA degradation
decreases freezing while inhibiting 2-AG degradation promotes the freezing response (Llorente-
Berzal et al., 2015). This suggests that anandamide and 2-AG have opposing influences over the
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fear response. Importantly, these pharmacological manipulations were given systemically, and it is
not known whether mPFC is involved in the effects seen. However, other work has specifically
pointed to mPFC ECs in regulating fearful behaviors. mPFC CB1 antagonism disrupts fear extinction
(Lin et al., 2009). Inducing hypofunction in N-methyl-D-aspartate receptors (NMDAR) early in life
disrupts EC-dependent long-term depression of synapses in mPFC and results in deficits in specify-
ing between fear memories (Lovelace et al., 2014). CB1 receptor activity in BLA neurons that proj-
ect to mPFC is necessary for associative fear learning (Tan et al., 2010). Thus, EC actions in mPFC
and its long-range connections, including with the BLA, contribute to fear learning.

While multiple lines of evidence point to EC signaling as a critical aspect of mPFC development,
further work is needed to understand how ECs and their receptors specifically orchestrate mPFC
development. CB1 receptor expression changes throughout adolescence and EC signaling are inter-
twined with monoamine neuromodulatory and inhibitory transmission, which develop along a similar
timescale (Figure 1). CB1 receptors likely make important contributions to mPFC pyramidal cell
development and axon guidance over long periods of development. Further, the robust changes in
concentration of ECs and receptor density over the adolescent period are likely to shape interneuron
development and the maturation of fear learning and memory, but causal links are still lacking.

Finally, there is still much to learn about developmental interactions between the EC system and
the monoamine neuromodulatory systems in mPFC (Figure 5). Particularly, the developmental inter-
actions between ECs and the 5-HT and NE systems are not well understood. However, it is known
that mPFC EC action in adulthood modulates the efflux of 5-HT and NE (Reyes et al., 2012, Mori-
lak, 2012; McLaughlin et al., 2012; Haj-Dahmane and Shen, 2011). For example, a CB1 agonist
can either increase or decrease NE efflux in mPFC depending on whether or not a rat was in a state
of stress (Reyes et al., 2012). Therefore, the convergence of neuromodulatory development may be
a point of vulnerability for experience to disrupt development (Figure 5). Investigating the develop-
mental interactions between neuromodulators is complex. However, by beginning with large-scale
manipulations such as receptor and transporter KO lines, and then refining our understanding with
cell-type-specific manipulation (e.g., optogenetics or chemogenetics), and receptor manipulation (e.
g., pharmacology), we can begin to disentangle these interactions. Notably, understanding how neu-
romodulatory systems interact in mPFC also requires a more complete developmental understand-
ing of its descending projections to the LC, dorsal raphe, and VTA as modulation of these projection
neurons may alter activity in neurons projecting back to mPFC (Figure 2).

Genetic control of mPFC circuit organization and function
mPFC dysfunction is central to the etiology of neuropsychiatric disorders in which cognitive and
emotional behaviors go awry. These include addiction (Hiser and Koenigs, 2018), depression, anxi-
ety (Farrell et al., 2013), ASD, and schizophrenia (Schubert et al., 2015), diseases that all have
strong genetic contributions. The prolonged maturation of the developing mPFC permits great reg-
ulatory control but also enhances vulnerability to genetic and environmental insults. Up to 50% of
these mental conditions emerge by adolescence, with molecular and cellular changes manifesting
prior to onset of psychiatric disorders (Shapiro et al., 2017). Studies of cross-species translation in a
developmental context have shown that both humans and rodents converge in aspects of mPFC
maturation and alignment of critical periods of plasticity (Kolb et al., 2012; Callaghan et al., 2019).
Mouse models of schizophrenia and ASD have identified altered expression of signaling molecules
and changes in inhibitory circuits that produce abnormal E/I balance and mispositioning of cortical
layers and axons in the mPFC (Shapiro et al., 2017; Stoya et al., 2014; Schofield et al., 2011).
Taken together, these results provide evidence linking neural signatures of vulnerability to changes
in mPFC neurobiology and the behavioral process that rely on those circuits.

Here, we will highlight a series of recent studies that used mouse models to explore the mecha-
nisms of disease progression. We discuss how the genes Cntnap2, Shank3, Disc1, and DIx5/6 pro-
duce overlapping phenotypes in aspects of mPFC synaptic development, which we discussed in
previous sections. Specifically, we highlight studies that link developmental changes in inhibitory
microcircuit organization and function or long-range synaptic connectivity to cognitive disruptions
(Table 1). We also highlight recent work that has identified genetic regulators of DA and 5-HT sys-
tems in mPFC. We further postulate about how these developmental circuit disruptions may lead to

Klune, Jin, et al. eLife 2021;10:€64567. DOI: https://doi.org/10.7554/eLife.64567 16 of 33


https://doi.org/10.7554/eLife.64567

e Life Review Article

Table 1. Summary of phenotypes in four mouse models.

Developmental Biology | Neuroscience

PYR: pyramidal cell; IN: interneuron; MGE: median ganglionic eminence; Pr: release probability; PSD: postsynaptic density; E/
| excitatory/inhibitory.

Phenotypes
Gene Protein function Cell  Cellular Circuit Behavior
types
CNTNAP2 Axonal PYR, Reduced spine density, Altered phase modulated spiking to delta and Repetitive behaviors and cognitive
transmembrane INs  reduced excitatory and theta rhythms, reduced long-range cortico-  inflexibility
protein inhibitory synaptic input cortical connectivity, and reduced local
to PYR cells connectivity
Disc1 Intracellular PYR, Reduced PV Reduced feed-forward inhibition in Impairments in working memory, latent
scaffold INs, expression, change in Prin thalamocortical circuits and elevated E/I ratio inhibition, and pre-pulse inhibition,
glia  INs, and reduced inhibitory and increased immobility in forced
input to PYR cells swim test
DIx5/6 Transcription MGE  Deficits in IN Altered gamma rhythms Anxiety and congnitive
factor INs  migration and reduced IN inflexibility
number
Shank3 Excitatory PYR  Reduced dendritic Reduced frontostriatal connectivity, reduced Social deficits, anxiety, and repetitive
synaptic scaffold complexity, reduced spine local and long-range cortical connectivity, behaviors
density and and reduced prefrontal gray

PSD length, and reduced  matter
excitatory synaptic
transmission

deficits in regulation of conditioned fear, reward learning, and cognitive flexibility that are observed
in neuropsychiatric disorders.

Genetic regulation of mPFC inhibitory connectivity and
emergent circuit functions

Inhibitory neurotransmission shapes the dynamic routing of information through the neocortex
(Isaacson and Scanziani, 2011). Growing evidence shows that inhibitory signaling in mPFC under-
goes late-stage changes, including dramatic decreases in the E/I balance in mPFC circuits during
adolescence. This prolonged period of change likely renders interneurons in mPFC circuits particu-
larly vulnerable to disruption. Indeed, E/I imbalance is considered a pathophysiological mechanism
and interneuron dysfunction has been linked to changes in cognition associated with neuropsychiat-
ric diseases that emerge during adolescence, including schizophrenia, impulse control disorders,
attention-deficit disorder (ADHD), and ASD (Sohal and Rubenstein, 2019). Elucidating the genetic
programs that control the development of mPFC inhibitory interneurons is critical to understand
how inhibition shapes the maturation of mPFC-dependent behaviors in health and disease. Here, we
discuss several recent studies that reveal convergent roles for DIx5/6, Disc1, and Cntnap2 in regulat-
ing mPFC interneuron physiology and circuit function.

Oscillatory activity can enhance communication between specific brain regions during cognitive
tasks. Gamma rhythms driven by PV interneurons are thought to play key roles in cognition and
emotional learning (Uhlhaas and Singer, 2010; Cauli et al., 1997, Kawaguchi, 1997; Cardin et al.,
2009; Sohal et al., 2009; Fenton et al., 2016). While increased gamma oscillations in PFC have
been observed during tasks that require cognitive flexibility, altered gamma oscillations in PFC may
be associated with neuropsychiatric disorders including schizophrenia, in which patients exhibit defi-
cits in cognitive flexibility (Green, 2006), impaired fear extinction, and difficulties learning safety
cues (Holt et al., 2012). Postmortem analyses have revealed abnormalities in median ganglion emi-
nence (MGE)-derived interneurons, including reduction in the expression of PV and GADé7, a syn-
thetic enzyme for GABA (Volk and Lewis, 2013).

The DIx1-6 genes encode a family of homeobox transcription factors that play critical roles in the
development of MGE-derived cortical GABAergic interneurons. While DIx6 may have limited expres-
sion in adult cortical neurons, DIx5 is expressed in PV, SST, CR, and neuropeptide Y (NPY) cells in
superficial cortical layers, and predominantly in PV cells in deep cortical layers (Wang et al., 2010).
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DIx5/6”- KOs have reduced numbers of cortical PV cells and increased dendritic branching in the PV
cells that remain (Wang et al., 2010). In DIx5/6" heterozygous mice, alterations in the properties of
mPFC PV interneurons arise in early adulthood, beginning around P63. In these mice, PV interneur-
ons have abnormal physiological properties, including wider action potentials, higher input resis-
tance, and slower membrane time constants (Cho et al., 2015a). These changes result in reductions
in the amplitude of gamma frequency-induced inhibitory postsynaptic currents in connected mPFC
pyramidal neurons. At the same age, DIx5/6"" mice exhibit heightened anxiety and deficits in a rule-
shift task that requires cognitive flexibility. Importantly, DIx5/6*" mice exhibit deficits in task-related
gamma frequency power and task performance that can be rescued by pharmacological augmenta-
tion of mPFC interneuron function (Cho et al., 2015a). Together, these studies link mutations in
DIx5 and DIxé, key genes that regulate mPFC interneuron development, to alterations in gamma
oscillations that underlie deficits in cognitive flexibility. These mechanisms may contribute to post-
adolescent onset of cognitive changes in schizophrenia as well as aberrations in fear and reward
learning (Cho et al., 2020).

Though DIx5 and DIx6 have not been linked to specific disorders, Disc1 (disrupted-in schizophre-
nia-1) and Cntnap2 have similar functions in cortical interneurons. DISC1 is a scaffolding protein that
interacts with numerous synaptic proteins and enzymes to regulate diverse processes including corti-
cal development and synapse formation (Brandon and Sawa, 2011). A translocation in DISC1 was
reported in a Scottish pedigree as a rare but penetrant risk factor for several mental illnesses includ-
ing schizophrenia, depression, and bipolar disorder (Millar et al., 2000). Several mouse models of
Disc1 have reductions in PV expression in prefrontal cortex (Niwa et al., 2010; Hikida et al., 2007,
Shen et al., 2008; Ibi et al., 2010; Ayhan et al., 2011; Lee et al., 2013) and exhibit impairments in
multiple cognitive domains (Niwa et al., 2010, Brandon and Sawa, 2011; Lee et al., 2013;
Koike et al., 2006; Clapcote et al., 2007, Li et al., 2007; Kvajo et al., 2008). Until recently, how-
ever, the function of Disc1 in regulating mPFC inhibitory connectivity and circuit function remained
unexplored.

Using mice that are heterozygous for the Disc1 locus impairment (LI) allele, recent work revealed
that Disc1 regulates the connectivity between mPFC pyramidal cells and PV interneurons. Beginning
as early as P15, mPFC L2/3 pyramidal cells exhibit reduced inhibitory synaptic input that likely results
from reductions in release probability in PV interneurons. These changes have consequences for cir-
cuit function, causing a significant decrease in the strength of feed-forward inhibition in the MD thal-
amus—-mPFC pathway (Delevich et al., 2020), one of the most prominent sources of input to the
mPFC (DeNardo et al., 2015). The authors also observed elevations in the E/I ratio in mPFC pyrami-
dal neurons (Delevich et al., 2020), a property that is hypothesized to be associated with the patho-
biology of neuropsychiatric diseases (Sohal and Rubenstein, 2019; Yizhar et al., 2011). Phenotypic
analyses of DiscT mutant mice have revealed deficits in cognition (Clapcote et al., 2007). Further,
Disc1 has been shown to interact with cannabis exposure to induce deficits in learned fear, indicating
possible vulnerability in the interaction between inhibitory neurotransmission and the EC system
(Ballinger et al., 2015). Given the importance of mPFC inhibitory circuit function in these behavioral
functions, the identified changes in inhibitory circuits may affect both cognitive and emotive
functions.

Cntnap2 encodes Caspr2, a member of the neurexin family of cell adhesion molecules that is
expressed widely throughout the brain in development and in adulthood (Poliak et al., 1999). Muta-
tions in Cntnap2 are implicated in a human disorder characterized by cognitive and emotional defi-
cits including schizophrenia, obsesive compulsive disorder (OCD), ADHD, and ASD (Strauss et al.,
2006; Alarcon et al., 2008; Arking et al., 2008; Bakkaloglu et al., 2008; Penagarikano et al.,
2011). Like DIx5/6" mice, Cntnap2 KO mice exhibit changes in the physiological properties of PV
cells in addition to reductions in the total number of PV-, NPY-, and CR-positive interneurons
(Pefagarikano et al., 2011). PV cells lacking Cntnap2 have wider spikes, slower membrane time
constants, greater adaptation, and more depolarized membrane potentials compared to controls
(Vogt et al., 2018). These data suggest that Cntnap2 may regulate the properties of voltage-depen-
dent sodium and/or potassium channels that mediate action potentials and repolarization in PV
interneurons (Vogt et al., 2018).

Consistent with the reduction in the number of cortical interneurons, Cntnap2”~ L2/3 pyramidal
cells in mPFC receive fewer inhibitory synaptic inputs than their wildtype counterparts. As Cntnap2”
mice navigate a virtual environment, interneurons exhibit elevated firing rates during both
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locomotion and immobility. In addition, Cntnap2 deletion causes reductions in interneuron phase
locking to the local field potential (LFP) in delta (4 Hz) and theta (4-8 Hz) frequency ranges and
Cntnap2” units tended to fire later in the LFP cycle (Lazaro et al., 2019). Delta oscillations in mPFC
have been shown to entrain the amygdala during fear expression (Fujisawa and Buzsaki, 2011), and
theta oscillations are associated with signaling safety in fear conditioned animals (Likhtik et al.,
2014). Thus, alterations in phase locking of mPFC neurons may give rise to cognitive and affective
behavioral dysfunction observed in the Cntnap2 mouse model (Lazaro et al., 2019).

Based on these studies, PV interneurons and their emergent circuit functions appear to be some
of the most vulnerable elements in mPFC circuitry. In several mouse models that exhibit overlapping
cognitive deficits, alterations in the physiology and connectivity of mPFC inhibitory interneurons
emerge around adolescence. Taken together with work showing that mPFC interneurons undergo
major changes in their physiology and circuit functions during adolescence, these studies suggest
that the processes that regulate interneuron development during adolescence may be particularly
vulnerable to genetic insults. Perturbations to these processes are likely to be determining factors
during disease progression. Using floxed alleles and cell-type-specific cre-driver lines, future
research can perform spatiotemporally targeted manipulations in mPFC interneurons to refine our
understanding of how and when circuit-level deficits contribute to behavioral deficits in cognitive
and emotive domains.

Genetic regulation of excitatory connectivity in mPFC

Cntnap2 also regulates excitatory connectivity and the physiological properties of mPFC pyramidal
cells in a manner that converges with other disease risk genes including Shank3. In L5 pyramidal
cells, Cntnap2 deletion causes a reduction in action potential frequency and input resistance specifi-
cally in subcortical projection neurons (Brumback et al., 2018). In L2/3, CntnapZ'/' pyramidal cells
exhibit decreases in the strength and number of excitatory synaptic inputs (Lazaro et al., 2019).

In contrast to Cntnap2, which is expressed broadly across cell types, the expression of Shank3 in
the PFC is most prevalent in pyramidal cells, with limited expression in GABAergic interneurons, and
no apparent expression in glial cells (Guo et al., 2019). Shank3 encodes an excitatory postsynaptic
scaffolding protein that interacts with a variety of postsynaptic density proteins to control dendritic
spine morphology and synaptic function (Naisbitt et al., 1999; Sala et al., 2001; Monteiro and
Feng, 2017). Shank3 is also associated with ASD (Durand et al., 2007) as well as with schizophrenia
and Phelan-McDermid syndrome, in which patients exhibit ASD-like behaviors including intellectual
disability (Phelan and McDermid, 2012). Recent work examined the consequences of Shank3 dele-
tion in the ACC.

The ACC is implicated in an array of cognitive functions, including decision making, motivation,
cost-benefit analyses, and social behaviors (Apps et al., 2016; Chang et al., 2013). Shank3 KO mice
exhibit numerous structural deficits in ACC pyramidal neurons including reductions in dendritic com-
plexity, spine density, and in the length and thickness of postsynaptic densities (Guo et al., 2019).
Shank3 KO neurons also exhibit reductions in both the frequency and amplitude of miniature excit-
atory postsynaptic currents, consistent with reductions in both the number and strength of excitatory
synapses. The decrease in synaptic strength can be attributed to deficits in o-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid receptor-mediated current, while currents through NMDARs were
unaffected. Importantly, these deficits can be rescued by targeted delivery of Shank3 to ACC in the
adult brain, indicating that Shank3 acts cell autonomously to maintain the strength and number of
excitatory synapses in adulthood (Guo et al., 2019).

In addition to regulating local connectivity within prefrontal areas, both Cntnap2 and Shank3 KO
mice exhibit reductions in prefrontal long-range connectivity. In Cntnap2”~ mice, decreases in local
and long-range functional connectivity are apparent across prefrontal subregions, but these changes
are most robust in the cingulate cortex. Regions that exhibit hypoconnectivity with prefrontal areas
include the parietal areas, temporal association areas, and hippocampus (Liska et al., 2018). Simi-
larly, Shank3B”~ homozygous KOs exhibit deficits in local prefrontal connectivity and in long-range
connectivity with the retrosplenial (RSP) cortex, ACC, and the striatum. PFC and RSP represent key
nodes in the default-mode-network (DMN). In Shank3B”~ mice, PFC was more disconnected from
the DMN. In both mutants, effects were specific to the PFC and motor and sensory networks did not
show significant changes in connectivity (Liska et al., 2018).
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Cntnap2 and Shank3 KO mice exhibit social deficits and motor stereotypies characteristic of ASD
and other disorders. However, given their influence over mPFC structural development, synapse for-
mation, and long-range connectivity, both Cntnap2 and Shank3 also stand poised to be critical
genetic regulators of both fear and reward learning. However, their role in the development of these
behaviors is poorly understood. Future investigations may look to these genes as sites of vulnerabil-
ity in the maturation of cognitive and emotional behaviors controlled by mPFC.

In distinct mouse models, disruptions in inhibitory signaling, synchrony, and long-range connectiv-
ity emerge as key points of convergence. These circuit-level signatures may represent important tar-
gets for new interventions designed to prevent or ameliorate the symptoms of neuropsychiatric
disorders. To date, most studies of genetic mechanisms of mPFC circuit assembly have used whole-
animal KOs, in some cases crossing them to transgenic lines that allow them to perform cell-type-
specific investigations. These approaches have revealed specific deficits in PV-pyramidal synapses in
Disc1-L1 and DIx5/6 mutants. However, given that in these studies the genetic manipulations
affected cells across the brain beginning from embryonic development, there are limitations in our
understanding of the mechanisms of action and their timing. In the future, studies that use spatially
and temporally controlled strategies to manipulate gene expression will provide necessary insights
into the cellular and molecular mechanisms underlying the onset of human neuropsychiatric
disorders.

Genetic regulation of mPFC neuromodulatory systems
Dysfunction of the neuromodulatory systems in mPFC is associated with neuropsychiatric diseases in
which emotional learning and cognitive flexibility are compromised. Thus, the genes that control the
developmental wiring of mPFC neuromodulatory systems may play a critical role in the pathogenesis
of such diseases. Dysfunction in mPFC DA signaling has been implicated in schizophrenia
(Rao et al., 2019; Howes et al., 2017) and depression (Han and Nestler, 2017). As previously dis-
cussed, DA axonal innervation of mPFC dramatically increases throughout the adolescent period
and is dependent on DCC/Netrin-1 signaling. Dcc knockdown mice show enhanced DA innervation
of mPFC and enhanced cogpnitive flexibility in adulthood (Manitt et al., 2013). This suggests that an
increase in DCC expression may cause deficits in cognitive flexibility and contribute to disease phe-
notypes. Indeed, the rs2270954 polymorphism of the Dcc gene was found to be associated with
schizophrenia (Grant et al., 2012).

5-HT innervation of mPFC has been associated with Cdh13. Mice deficient in Cdh13 display
increased innervation of mMPFC compared to control mice (Forero et al., 2017, Forero et al., 2020).
Behaviorally, fear extinction is disrupted in male Cdh13 KO mice but not females. This suggests a
sex-dependent mechanism through which Cdh13 deficiency modulates emotional memory. Impor-
tantly, Cdh13 also directs development in other brain areas such as the hippocampus (Rivero et al.,
2015). Thus, further research is needed to understand how the role of Cdh13 specifically in mPFC
may lead to the behavioral impairments seen in Cdh13 KO mice. This is of great importance given
that mutations in Cdh13 have been associated with a vast number of neuropsychiatric disorders
including ADHD (Rivero et al., 2013), depression (Edwards et al., 2012), schizophrenia
(Otsuka et al., 2015; Borglum et al., 2014), and bipolar disorder (Cho et al., 2015b).

Future directions: tackling mPFC complexity in development

The recent circuit analyses in mouse models of neuropsychiatric disorders underscore how mPFC
inhibitory microcircuits, neuromodulatory systems, and long-range connectivity — circuit elements
that undergo dramatic changes throughout juvenile and adolescent development (Figure 1) — are
some of the most vulnerable elements in disease progression. Based on this work, there is an urgent
need to refine our understanding of the links between these aspects of mPFC neurodevelopment
and maturing behaviors. Uncovering the time course and regulatory mechanisms guiding the assem-
bly of mPFC circuits will refine our understanding of which developmental milestones have profound
effects on mPFC function and how they come about. This knowledge will be key to understanding
the neural basis of behavioral transitions during development and can inform targeted manipulations
of mPFC circuit elements to directly test their behavioral functions at distinct developmental stages.
For instance, during the juvenile period, new work can test whether the strengthening of long-range
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mPFC connections with regions including the BLA contributes to mPFC's increasing role in fear and
reward learning and a developmental switch from short- to long-lasting fear memories (Figure 1 and
Figure 3). In adolescence, targeted manipulations of inhibitory and neuromodulatory cell types can
test whether strengthening synaptic inhibition and refinement of mPFC neuromodulation are
required for the maturation of reward learning, conditioned fear, and cognitive flexibility (Figure 1
and Figure 4). Establishing links between neurodevelopment and behavior is an essential first step
to understanding how and when early insults transform these processes and can inform new inter-
ventional strategies to slow or prevent disease progression.

With the explosion of viral and genetic approaches over the last 10 years, we have tools in hand
to manipulate these developmental processes with unprecedented specificity and resolution
(Luo et al., 2018). Thereby, we can directly link the maturation of cells and circuits to the maturation
of complex behaviors. The emergent hypotheses we put forth in this review can be tested using
viral-genetic approaches to (1) define causal links between specific aspects of cellular and circuit
development and cognitive and emotive functions, (2) understand how the developmental processes
we describe are contingent on one another, and (3) discover the molecular and cellular programs
that control the maturation of mPFC connectivity. Genes that wire specific mPFC synaptic connec-
tions can form the basis of new genetic tools to target developing circuit elements with increasing
precision.

Developmental changes in the expression of emotional memories and cognitive flexibility may
rely on developmental milestones within mPFC inhibitory microcircuits. Around the same time that
mPFC inhibitory interneurons undergo changes in the expression of key signaling proteins (e.g., PV
and SST) and mPFC inhibitory synaptic currents strengthen dramatically, animals exhibit temporary
deficits in fear memory retrieval, increases in fear memory generalization, decreased performance in
reversal learning, and insensitivity to reward contingency degradation. Thereafter, as inhibitory cir-
cuitry is refined, fear memory becomes robust and persistent, reward learning becomes sensitive to
contingency degradation, and performance improves in reversal learning tasks (Figure 1). This sug-
gests that precise inhibitory control over the timing or levels of mPFC activity is necessary for mature
forms of cognitive and emotive behavior to emerge. It is unclear whether connections between
mPFC interneurons and distinct classes of pyramidal cells uniquely control the maturation of these
different behavioral functions, or whether there is a common mechanism governing the observed
changes in each behavioral domain. Determining whether this is the case will require a more detailed
understanding of synaptic development between classes of mPFC interneurons and pyramidal cells
and new research that performs targeted manipulations of activity, connectivity, and synaptic func-
tion in different mPFC neuronal types during behavior in developing animals.

Conceptually similar approaches can also be applied to determine how the developing DA, 5-HT,
and NE systems shape the maturation of emotional memory and cognitive flexibility. For instance,
increased innervation of DA axons in mPFC may promote the maturation of defensive behaviors (i.
e., freezing), the retention of fear memory, and instrumental learning, while 5-HT signaling in adoles-
cence may be critical for the development of fear extinction. The development of NE signaling
dynamics may promote the attribution of salience and learned associations to reward and fear cues.
Addressing these questions will require a more detailed understanding of how neuromodulation
shapes both behavior and the underlying neural signaling at different stages of development. We
can leverage transgenic tools for activity dependent genetic labeling (DeNardo and Luo, 2017) to
capture behaviorally activated neurons in the developing brain and then assess their behavioral func-
tions at later times using invasive methods such as Ca?* imaging. By performing developmental
activity-based tagging with concurrent manipulations of neuromodulatory signaling, we may be able
to determine how neuromodulation shapes the neural basis of behavior at juvenile and adolescent
stages.

Proper assembly of mPFC circuits requires temporally precise orchestration of multiple interde-
pendent systems. From birth through adolescence, the DA, NE, 5-HT, and EC systems influence
each other’s development in ways we are only beginning to understand (Figure 5). As the 5-HT sys-
tem is one of the earliest to form connections, it might have particularly strong influence over the
maturation of the other monoamine systems as they innervate mPFC. Global manipulations of 5-HT
signaling during specific developmental windows cause concurrent changes in DA levels in mPFC
and impair fear extinction in adulthood. To test whether these interactions occur locally within
mPFC, new research could combine viral tracing with genetic deletion of the 5-HT synthetic enzyme
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tryptophan hydroxylase 2, Tph2. By disrupting 5-HT signaling specifically in projections to mPFC dur-
ing development, new research can ask whether DA signaling is reduced in a corresponding way.
Using intersectional genetic strategies to simultaneously visualize 5-HT and DA axons in mPFC within
a single brain can further reveal how disruptions in 5-HT signaling impact the development of both
systems. As EC signaling has been shown to regulate DA receptors levels and to interact with Dcc/
Netrin-1 signaling to promote axon guidance in the retina, it may regulate development of DA axons
in mPFC. The neuromodulatory systems are exquisitely sensitive to early occurring environmental
changes and genetic mutations that have lasting behavioral consequences. Because of this, under-
standing how their development is intertwined may help to explain the spectrum of behavioral phe-
notypes associated with neuropsychiatric disorders.

Precise wiring of mPFC long-range connections is essential for mPFC function in adulthood, but
our understanding of the timeline along which specific pathways mature and how circuit maturation
shapes behavior is lacking. In the case of fear learning and memory, mPFC circuits known to play a
role in the adult brain may also underlie the developmental regulation of fearful memories. Bidirec-
tional connectivity between mPFC and BLA increases dramatically during the fourth postnatal week.
At the same time, fear memories become robust and long-lasting. As such, the developmental
strengthening of mPFC-BLA connectivity may be essential to establish prefrontal control of the
expression of conditioned fear. To test whether these processes are causally linked, new research
can determine whether increasing activity in the mPFC-BLA pathway during fear learning and mem-
ory in juvenile development enhances the ability to form long-lasting memories. Interestingly, reward
learning and cognitive flexibility mature along a similar timeline (Figure 1) and deficits in long-range
connectivity are hallmarks of psychiatric disease (Table 1). Thus, enhanced regulatory control that
comes with the maturation of mPFC long-range synaptic connectivity may have broad affects, allow-
ing mature forms of numerous cognitive and emotional behaviors to emerge.

Importantly, the development of many mPFC connections that play key roles in the regulation of
emotional memory and cognition, including connections with the medial entorhinal cortex and mid-
line thalamic nuclei, has not been carefully examined in development (Figure 2). In the case of condi-
tioned fear, research that explores the anatomical and functional maturation of these connections,
both in naive animals and in those that have undergone fear conditioning in juvenile stages when
fear memories are short-lived, can link developmental changes in synaptic function to age-depen-
dent differences in fear memory robustness. Arruda-Carvalho et al. provide an elegant example of
how to describe the structural and functional maturation of an mPFC pathway using channelrhodop-
sin (ChR2)-assisted circuit mapping (Arruda-Carvalho et al., 2017). With this approach, in which
mPFC axons are transduced with ChR2 and light-evoked postsynaptic currents are recorded in tar-
get cells in a downstream region of interest, we can understand precisely when long-range mPFC
synaptic connections form and functionally mature, and how they respond to learning. Given that
individual mPFC pathways have been linked to distinct behavioral functions, synaptic connections
that mature along different developmental timelines may regulate maturing behaviors during distinct
developmental windows. This information will be important for understanding windows of vulnerabil-
ity during disease progression.

As we gain a more detailed understanding of when particular mPFC connections form and
mature, we can begin to investigate the underlying molecular mechanisms. Extracellular signals can
be important modulators of synapse development. For instance, the innervation of BLA by mPFC
axons is modulated by levels of ECs. As discussed, manipulations to the EC system only affect
mPFC—BLA neurons at the beginning of adolescence, suggesting a specific temporal window in
which EC signaling may direct mPFC circuit maturation. To hone-in on the precise temporal dynam-
ics with which the EC system acts on mPFC circuitry, conditional KOs or pharmacological manipula-
tions of EC signaling can be performed at discrete time points throughout the developmental
period. Further, the EC system may modulate the extent of innervation in other mPFC target
regions. Future studies can look at how manipulations in EC levels affect the extent of axon innerva-
tion in other mPFC target regions important for fear and reward learning and cognition, including
thalamic nuclei and striatal regions.

In addition to external influences from neuromodulatory signals, genes encoding synaptic orga-
nizer proteins may also play a critical role in wiring mPFC connections. For instance, Cdh8 is
expressed selectively in mPFC neurons that project to the striatum. Given its role in target selection
and synaptic plasticity in the retina and hippocampus, Cdh8 may specifically regulate wiring of
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mPFC-striatal synapses. Cdh13 regulates the development of 5-HT axons in mPFC, and the guidance
cues Dcc/Netrin-1 regulate wiring of DA fibers in mPFC, though it remains unclear whether Cdh13
and Dcc/Netrin-1 exclusively regulate 5-HT and DA axons in mPFC, or if their function extends to
other pathways as well. If Cdh8, Cdh13, and Dcc/Netrin-1 indeed play specific roles in wiring fron-
tostriatal, serotonergic, and dopaminergic connectivity, respectively, we can then leverage them as
tools to manipulate those pathways and measure the impact on developing behaviors. As Cdh8,
Cdh13, and Dcc/Netrin-1 have been linked to ASD, depression, and schizophrenia, investigating
their role in wiring the healthy brain can provide important clues about how mPFC circuitry is per-
turbed in disease.

Major hurdles in developmental circuit mapping stem from the challenge of precise stereotaxic
targeting in small developing brains. Now, researchers often rely on brute-force approaches to tar-
get specific regions in early postnatal development. Wiring specificity genes like Cdh8, whose differ-
ential expression patterns in the nervous system allow them to regulate the formation and
maturation of specific classes of synapses, could eventually form the basis of new cre-driver lines.
New transgenic lines that provide genetic access to particular classes of developing mPFC neurons
can ease our reliance on precise stereotaxic targeting in early postnatal stages. In combination with
floxed alleles, optogenetics, chemogenetics, and genetically encoded Ca?* indicators, new cre-
driver lines that provide access to particular developing circuit elements will allow us to link the
assembly of mPFC circuits to maturing behaviors with unprecedented specificity.
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