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Prefrontal cortical GABAergic interneurons (INs) and their innervations are essential for
the execution of complex behaviors such as working memory, social behavior, and fear
expression. These behavior regulations are highly dependent on primary long-range
afferents originating from the subcortical structures such as mediodorsal thalamus (MD),
ventral hippocampus (VHPC), and basolateral amygdala (BLA). In turn, the regulatory
effects of these inputs are mediated by activation of parvalbumin-expressing (PV) and/or
somatostatin expressing (SST) INs within the prefrontal cortex (PFC). Here we review
how each of these long-range afferents from the MD, vHPC, or BLA recruits a subset of
the prefrontal interneuron population to exert precise control of specific PFC-dependent
behaviors. Specifically, we first summarize the anatomical connections of different long-
range inputs formed on prefrontal GABAergic INs, focusing on PV versus SST cells.
Next, we elaborate on the role of prefrontal PV- and SST- INs in regulating MD afferents-
mediated cognitive behaviors. We also examine how prefrontal PV- and SST- INs gate
vHPC afferents in spatial working memory and fear expression. Finally, we discuss the
possibility that prefrontal PV-INs mediate fear conditioning, predominantly driven by the
BLA-mPFC pathway. This review will provide a broad view of how multiple long-range
inputs converge on prefrontal interneurons to regulate complex behaviors and novel
future directions to understand how PFC controls different behaviors.

Keywords: prefrontal cortex, interneurons, mediodorsal thalamus, ventral hippocampus, basolateral amygdala,
complex behavior

Abbreviations: ACC, anterior cingulate cortex; BLA, basolateral amygdala; DNMST, delayed non-match to sample T-maze
task; DREADDs, designer receptors exclusively activated by designer drugs; EPSCs, excitatory postsynaptic currents; FFI,
feedforward inhibition; GABA, gamma-aminobutyric acid; IL, infralimbic; INs, interneurons; L1, layer 1; MD, mediodorsal
thalamus; mPFC, medial prefrontal cortex; PL, prelimbic; PTSD, post-traumatic stress disorder; PV, parvalbumin; SAD, social
anxiety disorder; SST, somatostatin; SZ, schizophrenia.
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HIGHLIGHTS

- PV-INs recruitment by MD inputs is crucial for working
memory and social preference.

- SST-INs facilitate the coherence between vHPC-PFC during a
working memory task.

- The vHPC inputs target on PV-INs in IL to inhibit CS-
induced fear renewal.

- BLA innervates both PV- and SST- INs, but its function
remains to be determined.

INTRODUCTION

The prefrontal cortex (PFC) is well known for its top-
down control of multiple distinct complex behaviors, including
cognitive, emotional, and social behaviors, by selectively
processing different input information (Carmichael and Price,
1996; Amodio and Frith, 2006; Hoover and Vertes, 2007; Yizhar
and Levy, 2021). Multiple excitatory glutamatergic pathways
are involved in controlling these complex behaviors with the
PFC as an executive center. Canonically, the mediodorsal
thalamus (MD)-PFC pathway is widely believed to be involved in
controlling high-order cognitive performance, such as working
memory, goal-directed behavior, and decision making (Mitchell
and Chakraborty, 2013; Ferguson and Gao, 2015; Parnaudeau
etal., 2018; Wolff and Vann, 2019). Whereas afferents originating
from the ventral hippocampus (VHPC) are responsible for spatial
working memory or navigation related tasks (Gordon, 2011; Neill
et al., 2013). On the other hand, inputs from the basolateral
amygdala (BLA) are thought to participate in expressing negative
emotional behaviors such as fear, anxiety, and aggression (Nelson
and Trainor, 2007; Arruda-Carvalho and Clem, 2015; Likhtik
and Paz, 2015). However, the functions of these neural circuits
are often not singular and complicated by overlapping roles
in regulating specific behavioral components. This increases
the complexity of categorizing the function of each particular
pathway formed with the PFC.

As a convergent target of multiple long-range inputs, the
medial PFC (mPFC) is required to precisely filter essential
information from the numerous signals it receives from
cortical and subcortical brain regions. Local GABAergic
interneurons (INs) are critical for gating incoming long-range
inputs. In the neocortex, interneurons comprise more than
20 molecularly-, morphologically- or physiologically-defined
subpopulations, raising a major challenge in characterizing
their regulatory function in controlling specific behaviors (Rudy
et al,, 2011; He et al, 2016; Paul et al, 2017). Among the
cortical interneuron subpopulations, parvalbumin-expressing
(PV-) and somatostatin-expressing (SST-) INs are the two most
abundant subtypes. By taking advantage of newly developed
transgenic mouse lines, researchers have comprehensively
studied the distinct physiological properties of these two types
of interneurons within the mPFC in recent years. Extensive
research unveiled the unique abilities of PV- and SST- INs
in gating inputs and controlling nearby pyramidal neurons
(Cardin, 2018). PV-INs exert robust control over the information

integration by targeting cell bodies and proximal dendrites of
pyramidal neurons. In contrast, SST-INs enhance excitatory
inputs’ selectivity by forming inhibitory synapses on distal
dendritic branches of pyramidal neurons (Markram et al,
2004). Excitatory synaptic transmission onto PV- and SST- INs
also exhibits differences in short-term plasticity (Gibson et al.,
1999; Hofer et al, 2011). Briefly, the excitatory transmission
is depressed on PV-INs but facilitated on SST-INs (Xiang
et al., 2002; Ma et al.,, 2012). Therefore, different levels of the
stimulation are required to activate PV- and SST- INs. A single
burst of high-frequency stimulation is sufficient to excite PV-INs,
resulting in brief but precise inhibition on targeted cell; whereas
repeated stimulation is required to activate SST- INs, producing
long-lasting and temporally delayed inhibition. Therefore,
long-range inputs from a single brain region could play distinct
and diverse roles in different complex behaviors by recruiting
a separate subpopulation of INs. Indeed, due to their different
excitabilities, PV- and SST- INs display distinct activity patterns
in spatial working memory tasks (Kim et al., 2016). It is well
established that all regions mentioned above, including MD,
vHPC, and BLA, send projections to the PFC INs to form
feedforward inhibition (Delevich et al, 2015; McGarry and
Carter, 2016; Abbas et al., 2018). Here we review how each of
those long-range afferents recruits particular INs to exert precise
control of the mPFC local circuits involved in specific behaviors.
We will dissect the anatomical connection of the MD, vHPC, and
BLA with PV- or SST-INs in the PFC, demonstrate the roles of
PV- and SST- INs in regulating these long-range inputs, and in
mediating complex behaviors such as working memory, social
interaction, and fear expression. Here, we focus on PV- and
SST-INs as these two subpopulations are the largest expressed INs
in the neocortex. The physiological and functional connection
of long-range inputs to other types of interneurons, such as the
vasoactive intestinal polypeptide expressing interneuron subtype,
remains sparse and requires more studies to be characterized.

ANATOMICAL AND PHYSIOLOGICAL
CONNECTIONS THE LONG-RANGE
AFFERENTS FORMED WITH
PREFRONTAL INs

Similar to other cortices, the mPFC also consists of laminar
structures. Long-range inputs typically show laminar preference
in the mPFC, with a higher proportion of them accumulating
in layer I/II/III while layer V and VI mainly serve as output
originators. Local interneurons also receive long-range inputs,
which form the primary driving force of feedforward inhibition
to the local circuits. Given the challenge in elucidating the
multiple complex behaviors related to two different INs and
three afferents, especially the technologies used in studying
the enormous complexity of the relevant prefrontal cortical
microcircuit, here we will focus on rodent studies. For the
purpose of this review, we define the rodent mPFC as comprised
of the anterior cingulate, prelimbic, and infralimbic cortex.
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MD-mPFC

As corresponding thalamic and cortical partners, the MD and
mPFC are reciprocally connected with one another (Heidbreder
and Groenewegen, 2003; Mitchell and Chakraborty, 2013; Collins
et al,, 2018). Similar to the connection between sensory thalamic
nuclei and their cortical partners, MD inputs can not only drive
feedforward excitation but also inhibition on principal pyramidal
neurons by activating PV-INs in the mPFC (Figure 1A). The
activation of PV-INs by MD afferents is critical for maintaining
the excitation/inhibition (E/I) balance in local prefrontal circuits
(Anastasiades et al., 2018; Ferguson and Gao, 2018a). Using
a retrograde tracing method and ex vivo electrophysiological
recording, Delevich et al. (2015) found that the lateral and
central part of the MD sends projections to layer 1 (L1),
L3, and L5 of the dorsal anterior cingulate cortex (ACC), a
subregion of the mPFC. These inputs directly target PV-INs to
form a feedforward inhibitory circuit in the mPFC (Delevich
et al, 2015), in support of a morphological study (Rotaru
et al., 2005). Optical activation of MD afferents induces both
monosynaptic excitatory and disynaptic inhibitory current in
pyramidal neurons (Delevich et al., 2015). The monosynaptic
excitatory postsynaptic currents (EPSCs) are detected on L3 PV-
INs which are responsible for the disynaptic inhibitory current
in pyramidal neurons. Interestingly, although both PV- and
SST- INs fire action potential in response to activation of MD
afferents in the mPFC, the latency of SST-INs is significantly
longer than that of PV-INs. This finding suggested that
SST-IN spiking might be driven mainly by local ploy-synaptic

inputs rather than direct MD innervation (Delevich et al., 2015).
However, a retrograde tracing study revealed that MD afferents
form direct contact with SST-INs in the mPFC, although
the literature has long been biased to PV-INs (Ahrlund-
Richter et al., 2019). The functional connection between MD
afferents and prefrontal SST-INs needs further characterization
in future studies.

vHPC-mPFC

Although often overlooked in the literature, vHPC afferents form
excitatory synapses not only on pyramidal neurons but also INs
to promote feedforward inhibition (Figure 1B) (Thierry et al,
2000; Gabbott et al., 2002; Dégenetais et al., 2003; Dembrow
et al., 2015; Liu and Carter, 2018; Marek et al., 2018). These
inputs synapse on both PV- and SST- INs in the mPFC,
and stimulation of vHPC inputs successfully induces EPSCs
on both excitatory and inhibitory cells (Abbas et al, 2018;
Phillips et al., 2019). In the mPFC, corticocortical projecting
neurons in L5 preferentially receive inputs from the vHPC
(Liu and Carter, 2018). Therefore, this subset of pyramidal
neurons could be the primary regulatory target of the vHPC-
driving feedforward inhibition in the mPFC. This assumption,
however, remains to be tested. Further, optically activating
vHPC inputs in the PFC triggers both AMPA and NMDA
receptor-mediated EPSCs in fast-spiking PV-INs (Bogart and
O’Donnell, 2018). Particularly, NMDARs in PV-INs play a critical
role in forming functional connections between VHPC and
mPFC during adolescent development (Alvarez et al., 2020).
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FIGURE 1 | Anatomical and functional connectivity between mPFC and its major long-range inputs. (A) MD afferents form feedforward inhibition in the mPFC by
driving the activity of PV- INs. This feedforward inhibition is critical for the performance of mPFC dependent working memory and social interaction, but its
connection and role via SST-INs remains to be determined. (B) The VHPC afferents form feedforward inhibition in the mPFC by driving the activity of both PV- and
SST- INs. Activation of prefrontal SST-INs by VHPC inputs facilitates spatial working memory performance. The inhibition of conditioning fear relapse is mediated by
vHPC activating PV- INs, while vHPC activates SST-INs to inhibit PV-INs in the mPFC. This results in disinhibition of mPFC for the performance of social fear during
the social defeat. (C) The BLA afferents form feedforward inhibition in the mPFC by driving the activity of both PV- and SST- INs. Presentation of CS in fear
conditioning can activate SST-INs, which inhibit the PV-INs to form disinhibition in the mPFC. This process facilitates the acquisition of CS. Despite the importance of
the BLA-mPFC pathway in regulating social behaviors, there is no concrete evidence elaborating the detailed function of PV- and SST-IN in it.
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However, despite the well-founded anatomical connection of
vHPC afferents to SST-INs (Sun et al., 2019), similar studies
at the receptor level have not been done to characterize the
synaptic properties in SST-INs in the mPFC. Activation of vHPC
afferents will likely induce distinct responses in prefrontal SST-
INs compared with PV-INs due to their different physiological
properties and connectivity (Rudy et al., 2011; He et al., 2016;
Paul et al, 2017), but this intriguing assumption remains
to be determined.

BLA-mPFC

The mPFC is a major top-down control center for the
BLA in regulating the extinction of learned fear and other
types of emotional behavior (Sotres-Bayon and Quirk, 2010).
Anatomically, the mPFC and BLA are reciprocally connected
(Gabbott et al, 2005; Hoover and Vertes, 2007). Although
the BLA sends glutamatergic afferents to the mPFC, they
preferentially target GABAergic INs to drive feedforward
inhibition (Figure 1C) (Gabbott et al., 2005, 2006; Floresco and
Tse, 2007; Dilgen et al., 2013; Klavir et al., 2017). Specifically,
activating BLA inhibits most pyramidal neurons in the mPFC
by activating PV-INs (Floresco and Tse, 2007; Dilgen et al.,
2013), indicating a powerful inhibitory control of the prefrontal
network activity by the BLA. McGarry and Carter (2016) reported
that BLA inputs synapsed on cortico-amygdalar excitatory
neurons but formed stronger connections with nearby PV-
and SST- INs. Furthermore, these amygdalar-mPFC connections
in PV-INs are more robust than those in SST-INs (McGarry
and Carter, 2016). Interestingly, the presynaptic release of
glutamate from BLA axon terminals is depressed on PV-INs
but facilitated on SST-INs, enabling faster recruitment of PV-
INs by BLA afferents (McGarry and Carter, 2016). Remarkably,
both PV- and SST-INs fire action potential earlier than pyramidal
neurons in the mPFC, suggesting that BLA inputs recruit INs
faster to primarily trigger feedforward inhibition once activated
(McGarry and Carter, 2016).

DISTINCT ROLES OF THREE
LONG-RANGE AFFERENTS IN THE
MPFC IN REGULATING COMPLEX
BEHAVIOR

Working Memory

In rodents, working memory is a representation of an object,
stimulus, or spatial location that is used to guide behaviors
(Dudchenko, 2004). The working memory deficit is a primary
cognitive symptom of schizophrenia (SZ) (Saykin et al., 1991,
1994; Park and Holzman, 1993) and other psychiatric disorders
(Landre et al., 2001; Martinussen et al., 2005; Arts et al.,
2008; Lai et al, 2017). The dysfunction of mPFC, especially
impaired GABAergic transmission, is believed to underlie
the working memory deficits seen in SZ. Evidence from
postmortem studies in SZ patients identified that both PV- and
SST- INs displayed morphological (reduced immunopositivity),
physiological (hypo-excitability), and molecular (reduced mRNA

expression) dysfunction in the mPFC (Hartman et al., 2003;
Hashimoto, 2008; Fung et al., 2010, 2014). It appears that
SST- and PV- INs participate in different phases of working
memory. Unlike PV-INs, which exhibit consistently increased
activity during the delay period, SST-INs show more complex
firing patterns with a strong target preference (Pinto and Dan,
2015). Direct inhibition of SST-INs, but not PV-INs, during the
sample phase of the delayed non-match to sample T-maze task
(DNMST) impaired performance (Abbas et al., 2018). Unlike the
work done in 8-shape maze (Kim et al., 2016), inhibition of PV-
INs in DNMST does not affect working memory performance
(Abbas et al., 2018), which contradicts the canonical theory that
prefrontal PV-INs play a more critical role in working memory.
The discrepancy of functions between SST- and PV-INs during
working memory are likely derived from different and specific
upstream inputs. In this section, we depict how these long-range
inputs regulate working memory through prefrontal INs.

PV-INs Regulate MD-PFC-Dependent Cognitive
Function

The MD-mPFC pathway is widely involved in controlling high-
order cognitive performance, such as working memory, goal-
directed behavior, and decision making (Ferguson and Gao,
2015; Parnaudeau et al., 2018). Reduced functional connectivity
between MD and mPFC is a central pathological mechanism
underlying cognitive deficits in many neuropsychiatric disorders,
including SZ (Block et al., 2006). A previous study discovered
that the MD-mFPC pathway is critical for cognitive functional
performance, decreasing MD activity impaired not only the
flexibility in reversal learning, but also the ability to make
correct choices in the DNMST (Parnaudeau et al., 2013). This
study provides a piece of direct evidence for the role of MD-
mPFC pathway in cognitive function. Recently, we reported
that inhibiting MD activity by Designer Receptors Exclusively
Activated by Designer Drugs (DREADDs, hM4Di) impaired the
performance of the T-maze working memory task, which requires
the information to be retained during varied delay periods (5, 15,
or 60s) (Ferguson and Gao, 2018a). Activating PV- INs by a novel
excitatory DREADD:s via a parvalbumin promoter (PV-hM3Dq)
successfully restored the working memory function impaired in
long- (60 s) but not short- (5 and 15 s) delay trials. Presumably,
activating PV-INs rescues working memory by correcting the
disrupted E/I balance caused by compromised excitatory MD
inputs to the mPFC (Ferguson and Gao, 2018a). Prefrontal
pyramidal neuron activity features sequential firing during the
delay period of working memory tasks (Bolkan et al., 2017;
Schmitt et al., 2017). These pyramidal neurons’ sequential activity
probably depends on both MD afferents and PV-INs driving
feedforward inhibition. Although both PV- and SST-INs display
high firing rates during the delay period of the working memory
task (Kim et al., 2016), no study has been done to explore whether
the activity of SST-INs in the mPFC is driven by MD inputs while
performing the task. Interestingly, disrupting SST-INs activity
could affect mouse working memory performance in relatively
short-delay trials (10 s) (Kim et al, 2016). Collectively, this
evidence suggests that SST-INs may mediate short delay working
memory, but the role of MD inputs remains to be determined.
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SST-INs Facilitate vHPC-mPFC Synchrony and
Prefrontal Spatial Coding

Besides the MD-mPFC pathway, synchronization between
mPFC and vHPC is also important for the performance of
working memory. The communication between vHPC and
mPFC through synchronized oscillations critically regulates
spatial working memory (Gordon, 2011), whereas functional
dissociation between these two brain regions is an important
feature of SZ etiology (Ford et al, 2002; Meyer-Lindenberg
et al., 2005; Esmaeili and Grace, 2013; Alvarez et al., 2020).
Spellman et al. (2015) demonstrated that optically inhibiting the
vHPC projection to the PFC impaired spatial working memory
performance in mice. Interestingly, the power of both theta
and gamma-band oscillations are increased in both mPFC and
HPC in spatial working memory tasks (Jones and Wilson, 2005;
Sigurdsson et al., 2010; Neill et al., 2013; Hallock et al., 2016;
Lagler et al., 2016). INs are crucial for oscillation synchrony
between these two long-range connected regions. Indeed, Abbas
et al. (2018) found that inhibiting SST-INs during the sample
phase, when the cue was presented to animals, impaired spatial
working memory performance. More interestingly, the phase-
locking between mPFC single-unit activity and theta oscillation
in the vHPC is decreased when SST-INs were inhibited during
the sample phase. It is thus possible that GABAergic INs facilitate
the synchronously enhanced theta and gamma-band oscillations
between mPFC and vHPC during spatial working memory. By
doing this, SST-INs would be expected to encode information
during the sample phase through facilitating the communication
between VHPC and mPFC, which is critically important for
the subsequent delay period neural activity. Inhibition of SST-
INs activity during the sample phase leads to disinhibition
of pyramidal neurons, which could continuously fire action
potentials in the subsequent delay phase of the spatial working
memory task. Altogether, there is strong evidence supporting
the conclusion that SST-INs gate the vHPC inputs to the mPFC
to encode spatial information in the spatial working memory
task (Abbas et al., 2018). In contrast, inhibiting PV-INs at any
phases did not affect phase-locking activity to the vHPC theta
nor working memory accuracy (Abbas et al., 2018). One possible
explanation is that the vHPC activation of PV-INs mediated
feedforward inhibition in mPFC is involved in other complex
behaviors, such as social memory (Phillips et al., 2019; Sun et al,,
2020), as described below, rather than spatial working memory.

Amygdala Inputs Drive Feedforward Inhibition in the
mPFC

Basolateral amygdala is a universally acknowledged regulatory
center of emotional behaviors rather than participating
in cognitive functions. Few studies have explored the role this
pathway plays in high-order cognitive functions such as decision-
making and goal-directed behaviors (Bechara et al, 1999;
Ghods-Sharifi et al., 2009). Previous studies also indicated that
the BLA interacts with the mPFC in regulating glucocorticoid
effects on working memory impairment (Roozendaal et al,
2004) and memory consolidation (Roozendaal et al., 2009).
BLA mainly impacts cognition through its tight control of
impulsive behaviors (Yin et al., 2019), whereas the subthalamic

nucleus-projection-defined  prefrontal pyramidal neurons
suppress impulsive behavior (Li et al., 2020). However, whether
and how these two brain regions coordinate to influence high-
order cognitive functions like working memory and spatial
memory and the potential roles prefrontal INs may play are
still open questions.

Social Cognition

The mPFC exerts robust control on cognition not only in
working memory, but also in social interaction. Social interaction
is a complex behavior that requires the coordination of social
learning, social memory, and cognitive skills (Bachevalier
and Mishkin, 1986; Courchesne et al., 2004; Yizhar et al,
2011; Brumback et al., 2018). Major psychiatric disorders,
including depression, autism, SZ, and social anxiety disorder
(SAD), all share impaired sociability as a distinctive feature,
bringing hefty economic and affection burden on patients
and their families (American psychiatric association, 2013).
Social behavior performance is influenced by many social skill
domains, including social memory, social recognition, and
affective discrimination. The mPFC is a key node of the social
neuronal network — the social brain (Bicks et al., 2015; Lieberman
et al., 2019). Particularly, GABAergic deficits appear to be a
convergent point for understanding the neural mechanism of
social dysfunction in neuropsychiatric disorders. Imbalanced E/I
ratio has been seen in multiple ASD animal models (Rubenstein
and Merzenich, 2003; Chao et al., 2010; Han et al., 2012; Gogolla
et al, 2014; Karayannis et al., 2014; Vogt et al., 2015; Inan
et al., 2016; Antoine et al., 2019). Both PV- and SST- INs
contribute to the progress of these psychiatric disorders. For
example, knockdown of either PV or SST in the mPFC impaires
social interaction performance by dramatically decreasing the
interaction time (Perez et al, 2019). Notwithstanding, these
two types of medial ganglionic eminence-derived interneurons
distinctly control different components of social behaviors. Early
life stress, a common risk factor for numerous psychiatric
disorders such as SZ, anxiety, and autism, causes social deficits
in a sex-specific manner, with a significant loss of PV-INs in the
mPFC in juvenile female but not male mice (Holland et al., 2014).
Juvenile social isolation preferentially diminishes the activity
of PV-INs in the mPFC during social approach in adulthood
(Bicks et al., 2020), indicating that early life disturbance triggers
social deficits are dominantly mediated by prefrontal PV-INs. In
contrast, the function of SST-INs social behaviors differs based
on the identify of the social conspecifics. Oxytocin receptor-
positive SST-INs, a subset of SST-INs in the mPFC, specifically
regulate sexual social behaviors, and inhibiting this group of
INs in female mice reduces their interaction with male mice
(Nakajima et al., 2014). However, disinhibition of prefrontal SST-
INs through inhibition of vasoactive intestinal peptide INs, which
are derived from caudal ganglionic eminence, decreases social
preference (Koukouli et al.,, 2017). In mice, knockout of Pten,
a high-risk autism gene, preferentially reduces the intensity of
SST-INs, increasing PV/SST ratio, although not specifically in
the mPFC (Vogt et al,, 2015). Therefore, both PV- and SST- INs
in the mPFC play important, complex roles in regulating social
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cognition and this section will reveal how MD, vHPC, and BLA
afferents uniquely and differentially regulate this function.

MD-mPFC Pathway Appears to Be Important for
Social Preference and Dominance but Not Social
Memory and Social Fear

Reduced functional connectivity between MD and mPFC is
found to be a major pathological mechanism underlying
cognitive dysfunctions, including social deficits (Block et al.,
2006; Foss-Feig et al, 2017). It has been found that both
mPFC and MD are activated when rats are performing social
interaction behaviors (Jodo et al., 2010). As the mPFC and MD
are reciprocally connected, concurrent activation of these two
brain regions may occur during a social interaction task. Studies
in our lab reported that inhibiting MD led to a reduction in
social preference in rats (Ferguson and Gao, 2018a,b). In the
three-chamber sociability test, rats subjected to MD inhibition
via inhibitory DREADDs spend less time in the social chamber
containing a novel rat compared to the control group. This
behavioral deficit is successfully rescued by elevating PV-INs
activity through a PV-promoter-driven excitatory DREADD
(Ferguson and Gao, 2018a). This evidence demonstrates that
PV-INs play a critical role in mediating the effects of the MD-
mPFC pathway in social behaviors. Therefore, the MD-mPFC
pathway is involved in regulating not only working memory
via PV-INs, but also social interaction. However, it is not
clear whether MD-mPFC pathway effects on SST-INs are also
important for social interaction. Although prefrontal SST-INs
play a powerful control of social fear (Xu et al., 2019), it is unclear
whether activating mPFC SST-INs would similarly rescue the MD
inhibition-induced social interaction deficit.

vHPC-mPFC Connections Regulate Social Memory
via PV-INs

As one of the key brain regions for memory consolidation
and social memory, the VHPC is essential for the recall of
social memory during social interaction. Studies in both humans
(Tavares et al., 2015) and rodents (Hitti and Siegelbaum,
2014; Okuyama et al., 2016; Meira et al, 2018) found that
vHPC activity is highly involved in social skills requiring social
memory. The vHPC appears to be an essential brain region in
keeping the memory of familiar conspecifics through a close
connection with multiple upstream inputs and downstream
target brain regions (Okuyama et al., 2016). For example, the
vHPC receives direct inputs from the dCA2 to maintain social
memory (Hitti and Siegelbaum, 2014; Meira et al., 2018). The
outputs originated from vHPC innervate nucleus accumbens
shell to regulate social discrimination (Okuyama et al., 2016).
The mPFC is another downstream target recruited by the vHPC
to regulate social memory. Due to the abundant projections
the vHPC sends to the mPFC, the social-related memory might
be retrieved by vHPC-mPFC to help guide social interaction.
The mPFC-projecting VHPC neurons are selectively activated
when encounter to a live mouse rather than a toy mouse. By
combining retrograde tracer with c-fos immunostaining, a study
has found that the c-fos expression is significantly higher in
mPFC-projecting vVHPC neurons in the social interaction trained

group comparing with the control group (Phillips et al., 2019).
Chronically enhancing the mPFC-projecting neurons in the
vHPC significantly impaires social memory retrieval, suggesting
a negative correlation between social memory and the vHPC-
mPFC pathway activity. Prefrontal neurons are very diverse in
responding to social exploration. There are both ON and OFF
ensembles tuned to social performance, which requires selectively
activation and inhibition of the local circuit that is controlled
by inhibitory neurons, although their specific role in social
cognition remain unexplored (Liang et al., 2018). Imbalanced
E/T ratio has appeared to be a keynote in understanding the
pathological mechanism of social deficits underlying multiple
psychiatric disorders (van Heukelum et al., 2019). Disrupting the
E/I balance in the mPFC mimics autism social deficits featured
with severe social defeats (Yizhar et al., 2011) and social cognition
in SZ (Bicks et al,, 2015). Long-range vHPC afferents to the
mPFC innervate both major types of INs (Sun et al,, 2019).
However, PV-INs appear to be a more important regulator
of functional vVHPC-mPFC connection in social performance
(Alvarez et al., 2020; Sun et al., 2020). Both PV-IN deficiency and
impaired social behaviors were seen in SZ model, in which vHPC-
mPFC show impaired functional connectivity (Mukherjee et al.,
2019). Selective activation of pyramidal neurons disrupted social
preference whereas activation of PV-INs via optogenetic method
in the mPFC rescues social preference deficit (Yizhar et al., 2011).
Phillips et al. (2019) have identified that mPFC projecting vHPC
neurons not only innervate pyramidal neurons but also PV-
and SST-INs in the mPFC. These exciting results intrigue the
hypothesis that increasing activity of mPFC projecting neurons
in the vHPC may disrupt the social memory retrieval through
enhancing the feedforward inhibition. Still, the detailed function
a specific IN subpopulation plays in gating vHPC inputs in social
memory requires further studies in the future.

BLA-mPFC Pathway Plays an Important Role in
Social Cognition but the Involvement of GABAergic
INs in the mPFC Remains to Be Determined

The implication of amygdala in social memory is supported
by evidence collected from both primate (Kling and Cornell,
1971; Kling and Steklis, 1976; Machado et al., 2008) and rodent
studies (Bunnell et al., 1970; Jonason and Enloe, 1971; Sanders
and Shekhar, 1995). Beside to MD and vHPC, the participation
of mPFC in social interaction behaviors also subjects to the
modulation of the excitatory input from BLA (Felix-Ortiz et al.,
2016) although its role in social cognition remains untested.
BLA inputs to the mPFC function as a suppressor of social
exploration (Felix-Ortiz et al., 2016). Stimulation of BLA induces
disynaptic response in prefrontal neurons with shorter latency
of the inhibitory current (Dilgen et al., 2013). Therefore, the
decrease of social interaction following activation of BLA axon
terminals in the mPFC might result from elevated inhibition
driven by the BLA. Both SST- and PV- INs mediate the
BLA-driven feedforward inhibition. Due to distinct biophysical
properties of excitatory synapses on these two types of INs, BLA
synaptic transmission is facilitated in SST-INs but depressed in
PV-INs. These could further create two temporal windows for
BLA-mediated inhibition in the mPFC (McGarry and Carter,
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2016). Therefore, these two parallel inhibitory pathways might
contribute to different influences on social behaviors but further
study in the context of social memory is warranted.

Fear Conditioning Expression and

Extinction

Fear is an unpleasant emotion when the subject is aware of
the presence of danger, and functions to keep animals alert to
avoid harm. However, fear can be maladaptive when normal
stimuli are detected as dangerous. The mPFC serves as a
top-down regulating center of emotional behaviors, including
conditioned fear expression. In the past few decades, plenty of
research was devoted to better understand the role of mPFC
in the process of conditioned fear acquisition, expression, and
extinction, as recently reviewed (Giustino and Maren, 2015;
Gourley and Taylor, 2016). Temporal inhibition or permanent
lesion of the mPFC significantly reduces the freezing behaviors
in the fear-conditioned group in rats (Frysztak and Neafsey,
1991, 1994; Resstel et al., 2006). In contrast, elevating the
neural activity of mPFC enhances fear expression and memory
formation following the conditioning stimulus (CS) (Shibano
et al., 2020). Etkin et al. (2011) elaborate on the recruitment
of ACC and mPFC, two subdivisions of the PFC in emotion
regulation and found that the activation of mPFC was seen
in the fear expression, retention, and extinction, suggesting
that mPFC conveys both safety and danger information. More
specifically, as reviewed by Giustino and Maren (2015), the
prelimbic (PL) and infralimbic (IL) subdivisions of the rodent
mPFC respectively regulate the expression and suppression of
fear in rodents. Under certain conditions, the PL and IL act in
concert, exhibiting similar patterns of neural activity in response
to aversive conditioned stimuli and during the expression or
inhibition of conditioned fear; albeit these mPFC subdivisions
may code opposing behavioral outcomes, with PL biased toward
fear expression and IL toward suppression (Giustino and Maren,
2015). The question raised by this intriguing hypothesis is
whether and how this opposing action is achieved.

Recently, the functional importance of mPFC GABAergic INs
in regulating conditioned fear expression has been evidenced.
Calcium activity of prefrontal SST-INs in mice is increased
during and after the conditioning, suggesting that the activity
of SST-INs in the mPFC may underlie the fear acquisition
and memory consolidation (Cummings and Clem, 2020).
Furthermore, photoactivation of SST-INs increases freezing
behaviors during memory retrieval. Conditioning pair electrical
shock with neutral stimulus enhances the inhibition from SST-
INs to PV-INs, resulting in the disinhibition of PNs in the mPFC
(Cummings and Clem, 2020; Flores-Barrera et al., 2020). MK-
801 (an NMDAR antagonist) treatment primarily diminishes the
GABAergic transmission and increases excitation and inhibition
ratio (Flores-Barrera et al., 2020). However, the dysfunction of
inhibitory transmission does not disrupt the acquisition of fear
conditioning (Flores-Barrera et al., 2020). Instead, it enhances
fear memory retrieval and impairs extinction. Direct infusion
of GABAa receptor agonist generates an opposite effect on
freezing response (Flores-Barrera et al,, 2020). These findings

depict a local disinhibition circuit onto excitatory pyramidal
neurons through SST-mediated dendritic inhibition and PV-
mediated perisomatic inhibition, respectively. In the following
sections, we will review and summarize how primary long-
range afferents regulate this disinhibition circuit in the mPFC in
fear conditioning.

MD-mPFC Pathway for Both Fear Expression and
Extinction

Both MD and mPFC are main structures in controlling fear
expression and extinction (Oyoshi et al., 1996; Herry and Garcia,
2002; Li et al, 2004; Padilla-Coreano et al., 2012). In the
establishment of conditioned fear, MD serves as a relay to
transfer information from the superior colliculus to both the
mPFC and amygdala. Tonic but not burst activity of MD is
required for the fear extinction induced by alternative bilateral
visual stimulation, a task known to promote fear extinction
by increasing visual attention (Baek et al., 2019). Enhancing
burst firing by knocking out phospholipase C-beta4 abolishes
the effect of alternating bilateral stimulation-induced attenuation
on fear relapse (Back et al., 2019). In contrast, the activity of
BLA neurons is inhibited by the alternating bilateral stimulation.
MD drives feedforward inhibition in the BLA to support long-
lasting fear attenuation (Baek et al., 2019). Surprisingly, the role
of MD-mediated regulation of GABAergic INs in the mPFC and
other fear-associated brain regions has yet to be examined for
fear expression and extinction behavior. It has been shown that
activating MD afferents in the BLA induces monosynaptic EPSC
and disynaptic IPSC (McGarry and Carter, 2017), but the specific
IN subtypes in the BLA gating MD inputs, and more relevant to
the MD-mPFC inputs, during a different fear conditioning phase,
remains to be explored.

VHPC-mPFC in Social Fear

Social fear is one type of maladaptive fear shown in SAD. Patients
usually experience intense social anxiety, which severely affects
their daily life. In rodents, social fear can be induced by a social
defeat paradigm through the resident-intruder test, followed by
social interaction test to measure the fear memory (Qi et al,
2018). Both mPFC and vHPC are involved in the regulation
of social behavior. However, controversy about this pathway’s
complex function in the expression of social fear has remained
due to several reasons. First, the vHPC inputs innervate both
excitatory and inhibitory neurons in the mPFC. This broadens
the range of diversity of the role the VHPC-mPFC pathway
plays in controlling social fear. Second, the reported activity
of the mPFC in social fear expression is controversial. For
example, after social defeat, the expression of early response
genes suggests that the suppression of mPFC activity can last
for 7 days from the initial social fear induction (Qi et al., 2018),
emphasizing the inhibition of mPFC is essential for fear memory
maintenance. However, in vivo recording of prefrontal neuron
activity discovers an increase of firing rate of pyramidal neurons
in the PL region of mPFC during social fear expression (Abe
et al,, 2019; Xu et al,, 2019). Interestingly, activating SST-INS,
which are known to inhibit PV-INs, facilitates the expression of
social fear. SST-INs in the mPFC participate in conditioned social
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fear behavior by disinhibiting excitatory networks via suppressing
PV-INs activity (Xu et al., 2019). Indeed, SST-INs have been
reported to gate the vHPC input in the mPFC. PFC projecting
vHPC neurons show higher activity during a social encounter
(Phillips etal., 2019). Therefore, during the resident-intruder test,
the vHPC activity may drive SST-INs to disinhibit the prefrontal
network activity via PV-INs. However, during social encounters
following the social fear conditioning, the BLA may inhibit both
vHPC and mPFC to allow stress expression and enhance social
fear memory (Qi et al., 2018). Further experiments are needed to
explore the specific roles of prefrontal INs in regulating vHPC-
mPFC pathway-dependent social interaction.

VHPC-mPFC Connection Drives Fear Extinction via
PV-INs

Preventing the renewal of fear following extinction could
be a novel and effective clinical intervention procedure for
treating maladaptive learned fear responses. The expression of a
conditioned stimulus (CS)-evoked fear during the extinction is
a context-dependent fear renewal, which involves re-expression
of fear when encountering the CS outside the extinction context.
Previous studies reported that context-independent expression
of extinct fear could be induced by inactivating the vHPC
(Corcoran and Maren, 2001; Hobin et al., 2006; Zelikowsky
et al., 2013), suggesting that vHPC might be a fear suppressor.
A study conducted by Marek et al. (2018) supports this notion.
The researchers find that pharmacologically activating the vHPC
input to the mPFC results in a decrease of freezing behavior in the
extinction context (Marek et al., 2018). More importantly, they
discover that the vHPC controls fear relapse through feedforward
inhibition of amygdala-projecting prefrontal pyramidal neurons
(Marek et al., 2018). The IL region of the mPFC is critical
for fear relapse. Activating IL axon terminals in the amygdala
inhibits the re-expression of fear when encountering the CS.
Interestingly, a subsequent ex vivo study discovers that vHPC
projections primarily target inhibitory neurons in L2/3 of the IL.
Moreover, these INs mainly comprise PV- rather than SST-INs,
as inhibiting SST- INs in the IL does not affect vHPC evoked
feedforward inhibition on IL pyramidal neurons (Marek et al.,
2018). Together, although both SST- and PV- INs in the IL receive
vHPC inputs, PV-INs are more important than SST- INs in
regulating the vHPC-mPFC pathway in fear relapse.

BLA-mPFC in Fear Acquisition, Expression,
Extinction

Although BLA is the hub for emotional learning, the mPFC serves
as a suppressor to control maladaptive fear learning (Likhtik
and Paz, 2015). The communication between the amygdala and
the mPFC is critical for expressing learned fear (Likhtik et al.,
2013; Likhtik and Paz, 2015). The synaptic transmission from
BLA to mPFC can be blocked by selectively stimulating the BLA
inputs at high frequency, and blocking the BLA-mPFC pathway
activity attenuated the conditioning-stimulus evoked increase of
firing in mPFC (Klavir et al., 2017). This effect suggests that BLA
projection transmits learned CS-US associations to the mPFC
(Garcia et al., 1999; Sotres-Bayon et al., 2012; Senn et al., 2014).

The function of prefrontal INs in regulating the amygdala-
mPFC pathway in this behavioral performance remains to be
fully characterized. Given the diversity of IN subpopulations
in the mPFC, each phase of the fear conditioning process
might be differentially regulated by GABAergic INs in a cell-
type-specific manner. Indeed, a recent study reported that the
presentation of CS inhibited PV-INs to disinhibit pyramidal
neurons in the mPFC to drive fear expression (Courtin et al.,
2013). Theta oscillation, which is coupled with the presentation
of CS (Likhtik et al.,, 2014), is enhanced by the inhibition of
PV-INs (Courtin et al., 2013). The inhibition of PV-INs may
originate from the activation of SST-INs, which inhibit both
excitatory and inhibitory neurons in the mPFC. Indeed, CS
paired with footshock enhances not only the activity of SST-
INs but also the inhibition of PV-INs in the PL (Cummings
and Clem, 2020). Interestingly, the synaptic transmission BLA
formed on both SST-INs and pyramidal neurons are enhanced,
while the connection between BLA inputs to PV-INs is weakened.
This finding fills the blank of how BLA inputs regulate the
fear conditioning association through mPFC inhibitory circuits
mediated by both SST- and PV-INs.

How are vHPC and amygdala inputs integrated into the PL
and IL subregions in the mPFC to influence fear expression and
extinction? The existing evidence shows that in responding to
the presence of conditioned cues, BLA inputs primarily activate
projecting pyramidal neurons in the PL to drive fear expression
(Sotres-Bayon et al., 2012) (Figure 2A). The mechanism for
this effect may be explained by the fact that after learning a
CS-US pairing, BLA afferent activity favors the recruitment of
SST-INs over PV-INs, resulting in the disinhibition of pyramidal
neurons and the promotion of fear expression (Cummings and
Clem, 2020). At the same time, vHPC afferents drive feedforward
inhibition by recruiting PV-INs to prevent the activation of
projecting neurons from the fear response. Therefore, VHPC
inputs are believed to gate the BLA inputs via prelimbic PV-
INs (Sotres-Bayon et al., 2012). In contrast, the extinction of
fear is predominantly regulated by vHPC-driving feedforward
inhibition onto the amygdala projecting neurons in the IL
(Sotres-Bayon et al., 2012; Marek et al., 2018). Activation of
vHPC increases the activity of PV-INs in the IL to suppress
the prefrontal-amygdala projecting neurons (Figure 2B). These
studies suggests that multiple long-range afferents may cooperate
to regulate distinct complex behavior by activating specific cell
types in a region-specific manner.

However, it is important to note that when it comes to
fear conditioning, different modes of fear acquisition recruit
different components of mPFC microcircuitry. Evidence shows
that levels of freezing response are sensitive to the expression
of PV in the mPFC (Caballero et al., 2020) or local disruption
of VHIP and BLA inputs (Miguelez Fernandez et al, 2021).
For example, the amygdalar inputs in the mPFC are regulated
by the vHPC inputs-driving feedforward inhibition (Caballero
et al., 2014). The recruitment of vHPC and amygdalar inputs
in fear expression and/or extinction is also regulated by PV-
IN activity magnitude (Caballero et al, 2020). Specifically,
although vHPC recruitment of PV interneurons can suppress
fear expression in contextual fear conditioning, reducing PV
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FIGURE 2 | The vHPC and amygdala inputs in the mPFC exhibit regional specificity and differential mechanisms in regulating fear expression and extinction.

(A) Upon presenting conditioned cues, BLA inputs could activate projecting pyramidal neurons in the PL to drive fear expression or activate SST-INs to disinhibit
pyramidal neurons in promoting the fear expression. Meanwhile, vHPC inputs drive feedforward inhibition (FFI) by recruiting PV-INs to prevent these projecting
neurons from the fear response. (B) During extinction, vHPC inputs drive feedforward inhibition onto the amygdala projecting neurons in the IL to suppress the

Fear extinction

FFI Sy
VHPC PV PPress fear

Infralimbic mPFC

expression by 25% in the mPFC through shRNA knockdown
in adolescence has no effect on the expression of conditioned
fear when using a trace-fear conditioning paradigm (Caballero
et al, 2020). Prefrontal infusion of a7nAChR antagonist
methyllycaconitine also differentially modulates the gain of
vHPC and amygdalar inputs and fear responses in an age-
dependent manner (Miguelez Fernandez et al., 2021).

CONCLUSION AND FUTURE
DIRECTIONS

In this review, as summarized in Figure 1, we dissect the
anatomical connection the MD, vHPC, and BLA formed with PV-
or SST- INs in the PFC. All three brain regions form feedforward
inhibition in the mPFC by targeting certain IN subpopulations.
The MD mainly innervates PV-INs. Activation of the MD-PFC
feedforward inhibitory circuit is critical for working memory
performance and social preference. However, although SST-INs
in the mPFC participate in the encoding of working memory,
social interaction, and fear expression, what roles they play in the
mPFC in gating MD inputs in these complex behaviors remains
ambiguous. It is still unclear whether MD inputs form functional
synaptic connections with SST-INs in the mPFC.

In contrast, it has been shown that the vHPC sends
projection onto both PV- and SST- INs in the mPFC. These
two subpopulations of INs separately regulate VHPC-mPFC
control of distinct complex behaviors. SST-INs facilitate the
coherence between prefrontal single-unit activity with vHPC
theta oscillation during the sample phase of the spatial working
memory task. Afferents from the vHPC target PV-INs in the IL
to inhibit CS-induced fear renewal, and these connections also
appear to be important for social cognition. When it comes to
social fear expression, vHPC regulation of SST-INs may play a
more important role.

The BLA-mPFC pathway plays an essential role in social
cognition and fear acquisition, expression and extinction, but
the specific mechanisms remain unclear. Although BLA inputs
innervate both PV- and SST- INs to drive feedforward inhibition
to the local prefrontal circuit, the unique functions of these
feedforward inhibition driven by the BLA-mPFC pathway is
largely understudied. The BLA inputs in the mPFC mainly serve
as a suppressor of social exploration, which may require the
feedforward inhibition driven by BLA inputs. In the expression
of conditioned fear, synaptic transmission the BLA formed onto
SST-INs is enhanced, which could inhibit PV-INs and disinhibit
pyramidal neurons in the mPFC.

Dissecting the function of these long-range inputs that
drive feedforward inhibition in a cell-type-specific manner is
valuable for understanding the mechanisms underlying multiple
behavioral impairments associated with neuropsychiatric
diseases and potential novel therapeutic targets for better control
over pathological development. However, outstanding questions
are raised to be addressed in future studies.

e Although functional overlaps exist among different PFC-
associated pathways, each IN subtype may be preferentially
coupled with specific components of complex behaviors
when engaged by distinct afferents. However, cell type-
specific regulation of PFC-associated behaviors is overly
understudied. For example, the function of BLA-prefrontal
GABAergic pathways in cognitive behaviors other than
emotional control is barely explored.

e One of the prominent shared features of PFC-associated
psychiatric disorders is the developmental onset of
pathology. However, the time course of each type of
psychiatric disorder, such as SZ and ASD, are not identical.
The onset of SZ could vary between 12 and 14 years old
and encounter the first peak from 15 to 30 years old,
which is adolescence and young adult age (Hifner, 2019).
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In contrast, ASD could be presented in the first 18 months
of life (Zwaigenbaum et al., 2021), which may be phase-
locked with the developmental trajectories of specific
interneuron populations. For example, disturbance of
interneuron development during adolescence may have a
stronger effect on the onset of SZ. Furthermore, embryonic
and early life development, including the processes of
proliferation and migration, may underlie the pathology
of ASD. Therefore, characterizing the developing features
of each subtype of INs, and the long-range pathway they
dominantly regulate is essential for a better understanding
of the pathological process.

o GABAergic INs, even within the same subtype, are
highly heterogeneous based on physiological and biological
features. PV-INs can be divided into two subtypes
according to their morphology-basket cells and chandelier
cells. SST-INs also consist of few subtypes which possess
distinct physiological properties - Martinotti cells, and
non-Martinotti cells. The functional differences among
these small subgroups are not well studied yet. For
example, in the phenomenon of cell loss seen in ASD,
the population of basket cells remain relatively stable,
while chandelier cells subject to a persistent decrease of
intensity (Ariza et al., 2018). It thus increases the difficulty
to fully understand the properties of each long-range
pathway connected with the mPFC and their functions in

REFERENCES

Abbas, A. I, Sundiang, M. J. M., Henoch, B., Morton, M. P., Bolkan, S. S., Park, A.J.,
et al. (2018). Somatostatin Interneurons Facilitate Hippocampal-Prefrontal
Synchrony and Prefrontal Spatial Encoding. Neuron 100, 926.e-939.e.

Abe, R,, Okada, S., Nakayama, R., Ikegaya, Y., and Sasaki, T. (2019). Social defeat
stress causes selective attenuation of neuronal activity in the ventromedial
prefrontal cortex. Sci. Rep. 9:9447.

Ahrlund-Richter, S., Xuan, Y., van Lunteren, J. A., Kim, H., Ortiz, C., Pollak
Dorocic, I, et al. (2019). A whole-brain atlas of monosynaptic input targeting
four different cell types in the medial prefrontal cortex of the mouse. Nat.
Neurosci. 22, 657-668. doi: 10.1038/s41593-019-0354-y

Alvarez, R. ], Pafundo, D. E., Zold, C. L., and Belforte, J. E. (2020). Interneuron
NMDA Receptor Ablation Induces Hippocampus-Prefrontal Cortex Functional
Hypoconnectivity after Adolescence in a Mouse Model of Schizophrenia.
J. Neurosci. 40:3304. doi: 10.1523/jneurosci.1897-19.2020

Amodio, D. M., and Frith, C. D. (2006). Meeting of minds: the medial frontal cortex
and social cognition. Nat. Rev. Neurosci. 7, 268-277. doi: 10.1038/nrn1884

Anastasiades, P. G., Marlin, J. J., and Carter, A. G. (2018). Cell-Type Specificity
of Callosally Evoked Excitation and Feedforward Inhibition in the Prefrontal
Cortex. Cell Rep. 22, 679-692. doi: 10.1016/j.celrep.2017.12.073

Antoine, M. W., Langberg, T., Schnepel, P., and Feldman, D. E. (2019). Increased
Excitation-Inhibition Ratio Stabilizes Synapse and Circuit Excitability in Four
Autism Mouse Models. Neuron 101, 648.e-661.e.

Ariza, J., Rogers, H., Hashemi, E., Noctor, S. C., and Martinez-Cerdeno, V. (2018).
The Number of Chandelier and Basket Cells Are Differentially Decreased in
Prefrontal Cortex in Autism. Cereb. Cortex 28, 411-420. doi: 10.1093/cercor/
bhw349

Arruda-Carvalho, M., and Clem, R. L. (2015). Prefrontal-amygdala fear networks
come into focus. Front. Syst. Neurosci. 2015:9. doi: 10.3389/fnsys.2015.
00145

Arts, B., Jabben, N., Krabbendam, L., and van Os, J. (2008). Meta-analyses
of cognitive functioning in euthymic bipolar patients and their first-degree
relatives. Psychol. Med. 38, 771-785. doi: 10.1017/s0033291707001675

driving complex behaviors. Bottom-Up research combining
in vivo active cell labeling markers with molecular
and electrophysiological techniques may be helpful to
address this question.

e Finally, the mechanisms underlying different long-range
afferents’ abilities to activate distinct IN subpopulations for
distinct behaviors remain unknown. For example, vHPC
innervates SST- and PV- INs, but vHPC control of PV-
INs is important for fear renewal or social interaction.
In contrast, vHPC control of SST-INs is vital for spatial
memory. Understanding how a particular input is able to
engage distinct subpopulations of INs to regulate different
behaviors is a great unknown question for future study.

AUTHOR CONTRIBUTIONS

S-SY, NM, YS, and W-JG wrote and edited the manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING

This study was supported by NIH R21MH110678 and the NIH
RO1IMHO085666 to W-JG.

Bachevalier, J., and Mishkin, M. (1986). Visual recognition impairment follows
ventromedial but not dorsolateral prefrontal lesions in monkeys. Behav. Brain
Res. 20, 249-261. doi: 10.1016/0166-4328(86)90225-1

Baek, J., Lee, S., Cho, T., Kim, S.-W., Kim, M., Yoon, Y., et al. (2019). Neural
circuits underlying a psychotherapeutic regimen for fear disorders. Nature 566,
339-343. doi: 10.1038/s41586-019-0931-y

Bechara, A., Damasio, H., Damasio, A. R., and Lee, G. P. (1999). Different
Contributions of the Human Amygdala and Ventromedial Prefrontal Cortex
to Decision-Making. J. Neurosci. 19, 5473-5481. doi: 10.1523/jneurosci.19-13-
05473.1999

Bicks, L. K., Koike, H., Akbarian, S., and Morishita, H. (2015). Prefrontal Cortex
and Social Cognition in Mouse and Man. Front. Psychol. 6:1805. doi: 10.3389/
fpsyg.2015.01805

Bicks, L. K., Yamamuro, K., Flanigan, M. E., Kim, J. M., Kato, D., Lucas, E. K., et al.
(2020). Prefrontal parvalbumin interneurons require juvenile social experience
to establish adult social behavior. Nat. Commun. 11:1003.

Block, A. E., Dhanji, H., Thompson-Tardif, S. F., and Floresco, S. B. (2006).
Thalamic-Prefrontal Cortical-Ventral Striatal Circuitry Mediates Dissociable
Components of Strategy Set Shifting. Cereb. Cortex 17, 1625-1636. doi: 10.
1093/cercor/bhl073

Bogart, L. J, and O’Donnell, P. (2018). Multiple long-range inputs
evoke NMDA currents in prefrontal cortex fast-spiking interneurons.
Neuropsychopharmacology 2018:3543590.

Bolkan, S. S., Stujenske, J. M., Parnaudeau, S., Spellman, T. J., Rauffenbart, C.,
Abbas, A. L, et al. (2017). Thalamic projections sustain prefrontal activity
during working memory maintenance. Nat. Neurosci. 20:987. doi: 10.1038/nn.
4568

Brumback, A. C., Ellwood, I. T., Kjaerby, C., Iafrati, J., Robinson, S., Lee, A. T.,
et al. (2018). Identifying specific prefrontal neurons that contribute to autism-
associated abnormalities in physiology and social behavior. Mole. Psychiatr. 23,
2078-2089. doi: 10.1038/mp.2017.213

Bunnell, B. N., Sodetz, F. J. Jr., and Shalloway, D. I. (1970). Amygdaloid lesions
and social behavior in the golden hamster. Physiol. Behav. 5, 153-161. doi:
10.1016/0031-9384(70)90059-4

Frontiers in Neural Circuits | www.frontiersin.org

July 2021 | Volume 15 | Article 716408


https://doi.org/10.1038/s41593-019-0354-y
https://doi.org/10.1523/jneurosci.1897-19.2020
https://doi.org/10.1038/nrn1884
https://doi.org/10.1016/j.celrep.2017.12.073
https://doi.org/10.1093/cercor/bhw349
https://doi.org/10.1093/cercor/bhw349
https://doi.org/10.3389/fnsys.2015.00145
https://doi.org/10.3389/fnsys.2015.00145
https://doi.org/10.1017/s0033291707001675
https://doi.org/10.1016/0166-4328(86)90225-1
https://doi.org/10.1038/s41586-019-0931-y
https://doi.org/10.1523/jneurosci.19-13-05473.1999
https://doi.org/10.1523/jneurosci.19-13-05473.1999
https://doi.org/10.3389/fpsyg.2015.01805
https://doi.org/10.3389/fpsyg.2015.01805
https://doi.org/10.1093/cercor/bhl073
https://doi.org/10.1093/cercor/bhl073
https://doi.org/10.1038/nn.4568
https://doi.org/10.1038/nn.4568
https://doi.org/10.1038/mp.2017.213
https://doi.org/10.1016/0031-9384(70)90059-4
https://doi.org/10.1016/0031-9384(70)90059-4
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles

Yang et al.

Long-Range Connectivity With Prefrontal Interneurons in Behavior

Caballero, A., Flores-Barrera, E., Thomases, D. R., and Tseng, K. Y. (2020).
Downregulation of parvalbumin expression in the prefrontal cortex
during adolescence causes enduring prefrontal disinhibition in adulthood.
Neuropsychopharmacology 45, 1527-1535. doi: 10.1038/s41386-020-0709-9

Caballero, A., Thomases, D. R., Flores-Barrera, E., Cass, D. K., and Tseng,
K. Y. (2014). Emergence of GABAergic-dependent regulation of input-
specific plasticity in the adult rat prefrontal cortex during adolescence.
Psychopharmacology 231, 1789-1796. doi: 10.1007/s00213-013-3216-4

Cardin, J. A. (2018). Inhibitory Interneurons Regulate Temporal Precision and
Correlations in Cortical Circuits. Trends Neurosci. 41, 689-700. doi: 10.1016/j.
tins.2018.07.015

Carmichael, S. T., and Price, J. L. (1996). Connectional networks within the orbital
and medial prefrontal cortex of macaque monkeys. J. Comparat. Neurol. 371,
179-207. doi: 10.1002/(sici)1096-9861(19960722)371:2<179::aid- cnel>3.0.co;
2-#

Chao, H. T, Chen, H., Samaco, R. C., Xue, M., Chahrour, M., Yoo, J., et al. (2010).
Dysfunction in GABA signalling mediates autism-like stereotypies and Rett
syndrome phenotypes. Nature 468, 263-269. doi: 10.1038/nature09582

Collins, D. P., Anastasiades, P. G., Marlin, J. J., and Carter, A. G. (2018). Reciprocal
circuits linking the prefrontal cortex with dorsal and ventral thalamic nuclei.
Neuron 98, 366.e-379.e.

Corcoran, K. A., and Maren, S. (2001). Hippocampal Inactivation Disrupts
Contextual Retrieval of Fear Memory after Extinction. J. Neurosci. 21, 1720-
1726. doi: 10.1523/jneurosci.21-05-01720.2001

Courchesne, E., Sedaghat, F., Haist, F., and Pierce, K. (2004). The brain response
to personally familiar faces in autism: findings of fusiform activity and beyond.
Brain 127,2703-2716. doi: 10.1093/brain/awh289

Courtin, J., Chaudun, F., Rozeske, R. R., Karalis, N., Gonzalez-Campo, C., Wurtz,
H., et al. (2013). Prefrontal parvalbumin interneurons shape neuronal activity
to drive fear expression. Nature 505:92. doi: 10.1038/nature12755

Cummings, K. A., and Clem, R. L. (2020). Prefrontal somatostatin interneurons
encode fear memory. Nat. Neurosci. 23, 61-74. doi: 10.1038/s41593-019-
0552-7

Dégenetais, E., Thierry, A.-M., Glowinski, J., and Gioanni, Y. (2003). Synaptic
Influence of Hippocampus on Pyramidal Cells of the Rat Prefrontal Cortex:
An In Vivo Intracellular Recording Study. Cereb. Cortex 13, 782-792. doi:
10.1093/cercor/13.7.782

Delevich, K., Tucciarone, J., Huang, Z. J., and Li, B. (2015). The mediodorsal
thalamus drives feedforward inhibition in the anterior cingulate cortex via
parvalbumin interneurons. J. Neurosci. 35, 5743-5753. doi: 10.1523/jneurosci.
4565-14.2015

Dembrow, N. C., Zemelman, B. V., and Johnston, D. (2015). Temporal dynamics of
L5 dendrites in medial prefrontal cortex regulate integration versus coincidence
detection of afferent inputs. J. Neurosci. 35, 4501-4514. doi: 10.1523/jneurosci.
4673-14.2015

Dilgen, J., Tejeda, H. A., and O’Donnell, P. (2013). Amygdala inputs drive
feedforward inhibition in the medial prefrontal cortex. J. Neurophys. 110,
221-229. doi: 10.1152/jn.00531.2012

Dudchenko, P. A. (2004). An overview of the tasks used to test working memory in
rodents. Neurosci. Biobehav. Rev. 28, 699-709. doi: 10.1016/j.neubiorev.2004.
09.002

Esmaeili, B., and Grace, A. A. (2013). Afferent drive of medial prefrontal cortex
by hippocampus and amygdala is altered in MAM-treated rats: evidence for
interneuron dysfunction. Neuropsychopharmacology 38, 1871-1880. doi: 10.
1038/npp.2013.64

Etkin, A., Egner, T., and Kalisch, R. (2011). Emotional processing in anterior
cingulate and medial prefrontal cortex. Trends Cogn. Sci. 15, 85-93. doi: 10.
1016/j.tics.2010.11.004

Felix-Ortiz, A. C., Burgos-Robles, A., Bhagat, N. D., Leppla, C. A, and Tye,
K. M. (2016). Bidirectional modulation of anxiety-related and social behaviors
by amygdala projections to the medial prefrontal cortex. Neuroscience 321,
197-209. doi: 10.1016/j.neuroscience.2015.07.041

Ferguson, B. R., and Gao, W. J. (2015). Development of thalamocortical
connections between the mediodorsal thalamus and the prefrontal cortex and
its implication in cognition. Front. Hum. Neurosci. 8:1027. doi: 10.3389/fnhum.
2014.01027

Ferguson, B. R., and Gao, W-J. (2018a). Thalamic Control of Cognition and Social
Behavior Via Regulation of Gamma-Aminobutyric Acidergic Signaling and

Excitation/Inhibition Balance in the Medial Prefrontal Cortex. Biol. Psychiatr.
83, 657-669. doi: 10.1016/j.biopsych.2017.11.033

Ferguson, B. R., and Gao, W.]J. (2018b). PV Interneurons: Critical Regulators of E/I
Balance for Prefrontal Cortex-Dependent Behavior and Psychiatric Disorders.
Front. Neural. Circuit. 12:37. doi: 10.3389/fncir.2018.00037

Flores-Barrera, E., Thomases, D. R., and Tseng, K. Y. (2020). MK-801 Exposure
during Adolescence Elicits Enduring Disruption of Prefrontal E-I Balance and
Its Control of Fear Extinction Behavior. J. Neurosci. 40, 4881-4887. doi: 10.
1523/jneurosci.0581-20.2020

Floresco, S. B., and Tse, M. T. (2007). Dopaminergic Regulation of Inhibitory
and Excitatory Transmission in the Basolateral Amygdala-Prefrontal Cortical
Pathway. J. Neurosci. 27, 2045-2057.  doi: 10.1523/jneurosci.5474-06.
2007

Ford, J. M., Mathalon, D. H., Whitfield, S., Faustman, W. O., and Roth, W. T.
(2002). Reduced communication between frontal and temporal lobes during
talking in schizophrenia. Biol. Psychiatr. 51, 485-492. doi: 10.1016/s0006-
3223(01)01335-x

Foss-Feig, J. H., Adkinson, B. D., Ji, J. L., Yang, G., Srihari, V. H., McPartland, J. C.,
etal. (2017). Searching for Cross-Diagnostic Convergence: Neural Mechanisms
Governing Excitation and Inhibition Balance in Schizophrenia and Autism
Spectrum Disorders. Biol. Psychiatr. 81, 848-861. doi: 10.1016/j.biopsych.2017.
03.005

Frysztak, R. J., and Neafsey, E. J. (1991). The Effect of Medial Frontal Cortex
Lesions on Respiration, “Freezing, and Ultrasonic Vocalizations during
Conditioned Emotional Responses in Rats. Cereb. Cortex 1, 418-425. doi:
10.1093/cercor/1.5.418

Frysztak, R. J., and Neafsey, E. J. (1994). The effect of medial frontal cortex lesions
on cardiovascular conditioned emotional responses in the rat. Brain Res. 643,
181-193. doi: 10.1016/0006-8993(94)90024-8

Fung, S. J., Fillman, S. G., Webster, M. J., and Shannon Weickert, C. (2014).
Schizophrenia and bipolar disorder show both common and distinct changes in
cortical interneuron markers. Schizophr. Res. 155, 26-30. doi: 10.1016/j.schres.
2014.02.021

Fung, S. J., Webster, M. J., Sivagnanasundaram, S., Duncan, C., Elashoff, M., and
Weickert, C. S. (2010). Expression of interneuron markers in the dorsolateral
prefrontal cortex of the developing human and in schizophrenia. Am. J.
Psychiatr. 167, 1479-1488. doi: 10.1176/appi.ajp.2010.09060784

Gabbott, P., Headlam, A., and Busby, S. (2002). Morphological evidence that CA1
hippocampal afferents monosynaptically innervate PV-containing neurons
and NADPH-diaphorase reactive cells in the medial prefrontal cortex (Areas
25/32) of the rat. Brain Res. 946, 314-322. doi: 10.1016/s0006-8993(02)02
487-3

Gabbott, P. L. A, Warner, T. A, and Busby, S. J. (2006). Amygdala
input monosynaptically innervates parvalbumin immunoreactive local circuit
neurons in rat medial prefrontal cortex. Neuroscience 139, 1039-1048. doi:
10.1016/j.neuroscience.2006.01.026

Gabbott, P. L. A., Warner, T. A, Jays, P. R. L., Salway, P., and Busby, S. J. (2005).
Prefrontal cortex in the rat: Projections to subcortical autonomic, motor, and
limbic centers. J. Comparat. Neurol. 492, 145-177. doi: 10.1002/cne.20738

Garcia, R., Vouimba, R.-M., Baudry, M., and Thompson, R. F. (1999). The
amygdala modulates prefrontal cortex activity relative to conditioned fear.
Nature 402, 294-296. doi: 10.1038/46286

Ghods-Sharifi, S., St Onge, J. R, and Floresco, S. B. (2009). Fundamental
contribution by the basolateral amygdala to different forms of decision making.
J. Neurosci. 29, 5251-5259. doi: 10.1523/jneurosci.0315-09.2009

Gibson, J. R,, Beierlein, M., and Connors, B. W. (1999). Two networks of electrically
coupled inhibitory neurons in neocortex. Nature 402:75. doi: 10.1038/47035

Giustino, T. F., and Maren, S. (2015). The Role of the Medial Prefrontal Cortex
in the Conditioning and Extinction of Fear. Front. Behav. Neurosci. 9:298.
doi: 10.3389/fnbeh.2015.00298

Gogolla, N., Takesian, A. E., Feng, G., Fagiolini, M., and Hensch, T. K. (2014).
Sensory integration in mouse insular cortex reflects GABA circuit maturation.
Neuron 83, 894-905. doi: 10.1016/j.neuron.2014.06.033

Gordon, J. A. (2011). Oscillations and hippocampal-prefrontal synchrony. Curr.
Opin. Neurobiol. 21, 486-491. doi: 10.1016/j.conb.2011.02.012

Gourley, S. L., and Taylor, J. R. (2016). Going and stopping: Dichotomies in
behavioral control by the prefrontal cortex. Nat. Neurosci. 19, 656-664. doi:
10.1038/nn.4275

Frontiers in Neural Circuits | www.frontiersin.org

July 2021 | Volume 15 | Article 716408


https://doi.org/10.1038/s41386-020-0709-9
https://doi.org/10.1007/s00213-013-3216-4
https://doi.org/10.1016/j.tins.2018.07.015
https://doi.org/10.1016/j.tins.2018.07.015
https://doi.org/10.1002/(sici)1096-9861(19960722)371:2<179::aid-cne1>3.0.co;2-
https://doi.org/10.1002/(sici)1096-9861(19960722)371:2<179::aid-cne1>3.0.co;2-
https://doi.org/10.1038/nature09582
https://doi.org/10.1523/jneurosci.21-05-01720.2001
https://doi.org/10.1093/brain/awh289
https://doi.org/10.1038/nature12755
https://doi.org/10.1038/s41593-019-0552-7
https://doi.org/10.1038/s41593-019-0552-7
https://doi.org/10.1093/cercor/13.7.782
https://doi.org/10.1093/cercor/13.7.782
https://doi.org/10.1523/jneurosci.4565-14.2015
https://doi.org/10.1523/jneurosci.4565-14.2015
https://doi.org/10.1523/jneurosci.4673-14.2015
https://doi.org/10.1523/jneurosci.4673-14.2015
https://doi.org/10.1152/jn.00531.2012
https://doi.org/10.1016/j.neubiorev.2004.09.002
https://doi.org/10.1016/j.neubiorev.2004.09.002
https://doi.org/10.1038/npp.2013.64
https://doi.org/10.1038/npp.2013.64
https://doi.org/10.1016/j.tics.2010.11.004
https://doi.org/10.1016/j.tics.2010.11.004
https://doi.org/10.1016/j.neuroscience.2015.07.041
https://doi.org/10.3389/fnhum.2014.01027
https://doi.org/10.3389/fnhum.2014.01027
https://doi.org/10.1016/j.biopsych.2017.11.033
https://doi.org/10.3389/fncir.2018.00037
https://doi.org/10.1523/jneurosci.0581-20.2020
https://doi.org/10.1523/jneurosci.0581-20.2020
https://doi.org/10.1523/jneurosci.5474-06.2007
https://doi.org/10.1523/jneurosci.5474-06.2007
https://doi.org/10.1016/s0006-3223(01)01335-x
https://doi.org/10.1016/s0006-3223(01)01335-x
https://doi.org/10.1016/j.biopsych.2017.03.005
https://doi.org/10.1016/j.biopsych.2017.03.005
https://doi.org/10.1093/cercor/1.5.418
https://doi.org/10.1093/cercor/1.5.418
https://doi.org/10.1016/0006-8993(94)90024-8
https://doi.org/10.1016/j.schres.2014.02.021
https://doi.org/10.1016/j.schres.2014.02.021
https://doi.org/10.1176/appi.ajp.2010.09060784
https://doi.org/10.1016/s0006-8993(02)02487-3
https://doi.org/10.1016/s0006-8993(02)02487-3
https://doi.org/10.1016/j.neuroscience.2006.01.026
https://doi.org/10.1016/j.neuroscience.2006.01.026
https://doi.org/10.1002/cne.20738
https://doi.org/10.1038/46286
https://doi.org/10.1523/jneurosci.0315-09.2009
https://doi.org/10.1038/47035
https://doi.org/10.3389/fnbeh.2015.00298
https://doi.org/10.1016/j.neuron.2014.06.033
https://doi.org/10.1016/j.conb.2011.02.012
https://doi.org/10.1038/nn.4275
https://doi.org/10.1038/nn.4275
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles

Yang et al.

Long-Range Connectivity With Prefrontal Interneurons in Behavior

Hifner, H. (2019). From Onset and Prodromal Stage to a Life-Long Course
of Schizophrenia and Its Symptom Dimensions: How Sex, Age, and Other
Risk Factors Influence Incidence and Course of Illness. Psychiatr. J. 2019:980
4836.

Hallock, H. L., Wang, A., and Griffin, A. L. (2016). Ventral Midline Thalamus Is
Critical for Hippocampal-Prefrontal Synchrony and Spatial Working Memory.
J. Neurosci. 36, 8372-8389. doi: 10.1523/jneurosci.0991-16.2016

Han, S., Tai, C., Westenbroek, R. E., Yu, F. H,, Cheah, C. S., Potter, G. B,
et al. (2012). Autistic-like behaviour in Scnla+/- mice and rescue by
enhanced GABA-mediated neurotransmission. Nature 489, 385-390. doi: 10.
1038/naturel1356

Hartman, M., Steketee, M. C,, Silva, S., Lanning, K., and McCann, H. (2003).
Working memory and schizophrenia: evidence for slowed encoding. Schizophr.
Res. 59, 99-113. doi: 10.1016/50920-9964(01)00366- 8

Hashimoto, K. (2008). Microglial activation in schizophrenia and minocycline
treatment. Prog. Neuro-Psychopharm. Biol. Psychiatr. 32, 1758-1759. doi: 10.
1016/j.pnpbp.2008.06.012

He, M., Tucciarone, J., Lee, S., Nigro Maximiliano, J., Kim, Y., Levine Jesse, M.,
et al. (2016). Strategies and Tools for Combinatorial Targeting of GABAergic
Neurons in Mouse Cerebral Cortex. Neuron 92:555. doi: 10.1016/j.neuron.
2016.10.009

Heidbreder, C. A., and Groenewegen, H. J. (2003). The medial prefrontal cortex
in the rat: evidence for a dorso-ventral distinction based upon functional and
anatomical characteristics. Neurosci. Biobehav. Rev. 27, 555-579. doi: 10.1016/
j.neubiorev.2003.09.003

Herry, C., and Garcia, R. (2002). Prefrontal cortex long-term potentiation, but
not long-term depression, is associated with the maintenance of extinction of
learned fear in mice. J. Neurosci. 22, 577-583. doi: 10.1523/jneurosci.22-02-
00577.2002

Hitti, F. L., and Siegelbaum, S. A. (2014). The hippocampal CA2 region is essential
for social memory. Nature 508, 88-92. doi: 10.1038/nature13028

Hobin, J. A., Ji, J., and Maren, S. (2006). Ventral hippocampal muscimol disrupts
context-specific fear memory retrieval after extinction in rats. Hippocampus 16,
174-182. doi: 10.1002/hipo.20144

Hofer, S. B., Ko, H., Pichler, B., Vogelstein, J., Ros, H., Zeng, H., et al. (2011).
Differential connectivity and response dynamics of excitatory and inhibitory
neurons in visual cortex. Nat. Neurosci. 14:1045. doi: 10.1038/nn.2876

Holland, F. H., Ganguly, P., Potter, D. N., Chartoff, E. H., and Brenhouse,
H. C. (2014). Early life stress disrupts social behavior and prefrontal cortex
parvalbumin interneurons at an earlier time-point in females than in males.
Neurosci. Lett. 566, 131-136. doi: 10.1016/j.neulet.2014.02.023

Hoover, W. B., and Vertes, R. P. (2007). Anatomical analysis of afferent projections
to the medial prefrontal cortex in the rat. Brain Struct. Funct. 212, 149-179.
doi: 10.1007/s00429-007-0150-4

Inan, M., Zhao, M., Manuszak, M., Karakaya, C., Rajadhyaksha, A. M., Pickel,
V. M., et al. (2016). Energy deficit in parvalbumin neurons leads to circuit
dysfunction, impaired sensory gating and social disability. Neurobiol. Dis. 93,
35-46. doi: 10.1016/j.nbd.2016.04.004

Jodo, E., Katayama, T., Okamoto, M., Suzuki, Y., Hoshino, K., and Kayama,
Y. (2010). Differences in responsiveness of mediodorsal thalamic and
medial prefrontal cortical neurons to social interaction and systemically
administered phencyclidine in rats. Neuroscience 170, 1153-1164. doi: 10.1016/
j.neuroscience.2010.08.017

Jonason, K. R., and Enloe, L. J. (1971). Alterations in social behavior following
septal and amygdaloid lesions in the rat. J. Compar. Physiol. Psychol. 75,
286-301. doi: 10.1037/h0030808

Jones, M. W., and Wilson, M. A. (2005). Theta Rhythms Coordinate Hippocampal-
Prefrontal Interactions in a Spatial Memory Task. PLoS Biology 3:e402. doi:
10.1371/journal.pbio.0030402

Karayannis, T., Au, E., Patel, J. C., Kruglikov, I., Markx, S., Delorme, R., et al. (2014).
Cntnap4 differentially contributes to GABAergic and dopaminergic synaptic
transmission. Nature 511, 236-240. doi: 10.1038/nature13248

Kim, D., Jeong, H., Lee, J., Ghim, J.-W., Her, E. S, Lee, S.-H., et al. (2016). Distinct
Roles of Parvalbumin- and Somatostatin-Expressing Interneurons in Working
Memory. Neuron 92, 902-915. doi: 10.1016/j.neuron.2016.09.023

Klavir, O., Prigge, M., Sarel, A., Paz, R, and Yizhar, O. (2017). Manipulating
fear associations via optogenetic modulation of amygdala inputs to prefrontal
cortex. Nat. Neurosci. 20, 836-844. doi: 10.1038/nn.4523

Kling, A., and Cornell, R. (1971). Amygdalectomy and social behavior in the caged
stump-tailed macaque (Macaca speciosa). Intern. J. Primatol. 14, 190-208. doi:
10.1159/000155350

Kling, A., and Steklis, H. D. (1976). A neural substrate for affiliative behavior in
nonhuman primates. Brain Behav. Evol. 13, 216-238. doi: 10.1159/000123811

Koukouli, F., Rooy, M., Tziotis, D., Sailor, K. A., O’Neill, H. C., Levenga, J., et al.
(2017). Nicotine reverses hypofrontality in animal models of addiction and
schizophrenia. Nat. Med. 23, 347-354. doi: 10.1038/nm.4274

Lagler, M., Ozdemir, A. T., Lagoun, S., Malagon-Vina, H., Borhegyi, Z., Hauer,
R, et al. (2016). Divisions of identified parvalbumin-expressing basket cells
during working memory-guided decision making. Neuron 91, 1390-1401. doi:
10.1016/j.neuron.2016.08.010

Lai, C. L. E,, Lau, Z., Lui, S. S. Y., Lok, E., Tam, V., Chan, Q,, et al. (2017). Meta-
analysis of neuropsychological measures of executive functioning in children
and adolescents with high-functioning autism spectrum disorder. Off. J. Intern.
Soc. Autism Res. 10, 911-939. doi: 10.1002/aur.1723

Landre, N. L, Stiles, T. C., and Sletvold, H. (2001). Neuropsychological function in
nonpsychotic unipolar major depression. Neuropsychiatr. Neuropsychol. Behav.
Neurol. 14, 233-240.

Li, B., Nguyen, T. P., Ma, C., and Dan, Y. (2020). Inhibition of impulsive action
by projection-defined prefrontal pyramidal neurons. Proc. Natl. Acad. Sci. 117,
17278-17287. doi: 10.1073/pnas.2000523117

Li, X. B., Inoue, T., Nakagawa, S., and Koyama, T. (2004). Effect of mediodorsal
thalamic nucleus lesion on contextual fear conditioning in rats. Brain Res. 1008,
261-272. doi: 10.1016/j.brainres.2004.02.038

Liang, B., Zhang, L., Barbera, G., Fang, W., Zhang, J., Chen, X., et al. (2018). Distinct
and Dynamic ON and OFF Neural Ensembles in the Prefrontal Cortex Code
Social Exploration. Neuron 100, 700.e-714.e.

Lieberman, M. D., Straccia, M. A., Meyer, M. L., Du, M., and Tan, K. M.
(2019). Social, self, (situational), and affective processes in medial prefrontal
cortex (MPFC): Causal, multivariate, and reverse inference evidence. Neurosci.
Biobehav. Rev. 99, 311-328. doi: 10.1016/j.neubiorev.2018.12.021

Likhtik, E., and Paz, R. (2015). Amygdala-prefrontal interactions in (mal)adaptive
learning. Trends Neurosci. 38, 158-166. doi: 10.1016/j.tins.2014.12.007

Likhtik, E., Stujenske, J. M., Topiwala, M., Harris, A. Z., and Gordon, J. A. (2013).
Prefrontal entrainment of amygdala activity signals safety in learned fear and
innate anxiety. Nat. Neurosci. 17:106. doi: 10.1038/nn.3582

Likhtik, E., Stujenske, J. M., Topiwala, M. A., Harris, A. Z., and Gordon, J. A.
(2014). Prefrontal entrainment of amygdala activity signals safety in learned fear
and innate anxiety. Nat. Neurosci. 17, 106-113.

Liu, X., and Carter, A. G. (2018). Ventral Hippocampal Inputs Preferentially Drive
Corticocortical Neurons in the Infralimbic Prefrontal Cortex. J. Neurosci. 38,
7351-7363. doi: 10.1523/jneurosci.0378-18.2018

Ma, Y., Hu, H., and Agmon, A. (2012). Short-Term Plasticity of Unitary Inhibitory-
to-Inhibitory Synapses Depends on the Presynaptic Interneuron Subtype.
J. Neurosci. 32, 983-988. doi: 10.1523/jneurosci.5007-11.2012

Machado, C. J., Emery, N. J., Capitanio, J. P., Mason, W. A., Mendoza, S. P.,
and Amaral, D. G. (2008). Bilateral neurotoxic amygdala lesions in rhesus
monkeys (Macaca mulatta): consistent pattern of behavior across different
social contexts. Behav. Neurosci. 122, 251-266. doi: 10.1037/0735-7044.122.2.
251

Marek, R,, Jin, J., Goode, T. D., Giustino, T. F., Wang, Q., Acca, G. M, et al. (2018).
Hippocampus-driven feed-forward inhibition of the prefrontal cortex mediates
relapse of extinguished fear. Nat. Neurosci. 21, 384-392. doi: 10.1038/s41593-
018-0073-9

Markram, H., Toledo-Rodriguez, M., Wang, Y., Gupta, A, Silberberg, G., and Wu,
C. (2004). Interneurons of the neocortical inhibitory system. Nat. Rev. Neurosci.
5:793. doi: 10.1038/nrn1519

Martinussen, R., Hayden, J., Hogg-Johnson, S., and Tannock, R. (2005). A Meta-
Analysis of Working Memory Impairments in Children With Attention-
Deficit/Hyperactivity Disorder. J. Am. Acad. Child Adolescent Psychiatr. 44,
377-384.

McGarry, L. M., and Carter, A. G. (2016). Inhibitory Gating of Basolateral
Amygdala Inputs to the Prefrontal Cortex. J. Neurosci. 36, 9391-9406. doi:
10.1523/jneurosci.0874-16.2016

McGarry, L. M., and Carter, A. G. (2017). Prefrontal Cortex Drives Distinct
Projection Neurons in the Basolateral Amygdala. Cell Rep. 21, 1426-1433.
doi: 10.1016/j.celrep.2017.10.046

Frontiers in Neural Circuits | www.frontiersin.org

July 2021 | Volume 15 | Article 716408


https://doi.org/10.1523/jneurosci.0991-16.2016
https://doi.org/10.1038/nature11356
https://doi.org/10.1038/nature11356
https://doi.org/10.1016/s0920-9964(01)00366-8
https://doi.org/10.1016/j.pnpbp.2008.06.012
https://doi.org/10.1016/j.pnpbp.2008.06.012
https://doi.org/10.1016/j.neuron.2016.10.009
https://doi.org/10.1016/j.neuron.2016.10.009
https://doi.org/10.1016/j.neubiorev.2003.09.003
https://doi.org/10.1016/j.neubiorev.2003.09.003
https://doi.org/10.1523/jneurosci.22-02-00577.2002
https://doi.org/10.1523/jneurosci.22-02-00577.2002
https://doi.org/10.1038/nature13028
https://doi.org/10.1002/hipo.20144
https://doi.org/10.1038/nn.2876
https://doi.org/10.1016/j.neulet.2014.02.023
https://doi.org/10.1007/s00429-007-0150-4
https://doi.org/10.1016/j.nbd.2016.04.004
https://doi.org/10.1016/j.neuroscience.2010.08.017
https://doi.org/10.1016/j.neuroscience.2010.08.017
https://doi.org/10.1037/h0030808
https://doi.org/10.1371/journal.pbio.0030402
https://doi.org/10.1371/journal.pbio.0030402
https://doi.org/10.1038/nature13248
https://doi.org/10.1016/j.neuron.2016.09.023
https://doi.org/10.1038/nn.4523
https://doi.org/10.1159/000155350
https://doi.org/10.1159/000155350
https://doi.org/10.1159/000123811
https://doi.org/10.1038/nm.4274
https://doi.org/10.1016/j.neuron.2016.08.010
https://doi.org/10.1016/j.neuron.2016.08.010
https://doi.org/10.1002/aur.1723
https://doi.org/10.1073/pnas.2000523117
https://doi.org/10.1016/j.brainres.2004.02.038
https://doi.org/10.1016/j.neubiorev.2018.12.021
https://doi.org/10.1016/j.tins.2014.12.007
https://doi.org/10.1038/nn.3582
https://doi.org/10.1523/jneurosci.0378-18.2018
https://doi.org/10.1523/jneurosci.5007-11.2012
https://doi.org/10.1037/0735-7044.122.2.251
https://doi.org/10.1037/0735-7044.122.2.251
https://doi.org/10.1038/s41593-018-0073-9
https://doi.org/10.1038/s41593-018-0073-9
https://doi.org/10.1038/nrn1519
https://doi.org/10.1523/jneurosci.0874-16.2016
https://doi.org/10.1523/jneurosci.0874-16.2016
https://doi.org/10.1016/j.celrep.2017.10.046
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles

Yang et al.

Long-Range Connectivity With Prefrontal Interneurons in Behavior

Meira, T, Leroy, F., Buss, E. W, Oliva, A., Park, J., and Siegelbaum, S. A. (2018).
A hippocampal circuit linking dorsal CA2 to ventral CA1 critical for social
memory dynamics. Nat. Commun. 9:4163.

Meyer-Lindenberg, A. S., Olsen, R. K., Kohn, P. D., Brown, T., Egan, M. F,,
Weinberger, D. R,, et al. (2005). Regionally specific disturbance of dorsolateral
prefrontal-hippocampal functional connectivity in schizophrenia. Arch. Gen.
Psychiatr. 62, 379-386. doi: 10.1001/archpsyc.62.4.379

Miguelez Fernandez, A. M. M., Molla, H. M., Thomases, D. R., and Tseng,
K. Y. (2021). Prefrontal a7nAChR Signaling Differentially Modulates Afferent
Drive and Trace Fear Conditioning Behavior in Adolescent and Adult Rats.
J. Neurosci. 41, 1908-1916. doi: 10.1523/jneurosci.1941-20.2020

Mitchell, A. S., and Chakraborty, S. (2013). What does the mediodorsal thalamus
do? Front. Neurosci. 7:37. doi: 10.3389/fnsys.2013.00037

Mukherjee, A., Carvalho, F., Eliez, S., and Caroni, P. (2019). Long-Lasting Rescue
of Network and Cognitive Dysfunction in a Genetic Schizophrenia Model. Cell
178, 1387.e-1402.e.

Nakajima, M., Gorlich, A., and Heintz, N. (2014). Oxytocin Modulates
Female Sociosexual Behavior through a Specific Class of Prefrontal Cortical
Interneurons. Cell 159, 295-305. doi: 10.1016/j.cell.2014.09.020

Neill, P.-K., Gordon, J. A., and Sigurdsson, T. (2013). Theta Oscillations in the
Medial Prefrontal Cortex Are Modulated by Spatial Working Memory and
Synchronize with the Hippocampus through Its Ventral Subregion. J. Neurosci.
33:14211. doi: 10.1523/jneurosci.2378-13.2013

Nelson, R. ., and Trainor, B. C. (2007). Neural mechanisms of aggression. Nat. Rev.
Neurosci. 8:536.

Okuyama, T., Kitamura, T., Roy, D. S., Itohara, S., and Tonegawa, S. (2016).
Ventral CAl neurons store social memory. Science 353, 1536-1541. doi: 10.
1126/science.aaf7003

Oyoshi, T., Nishijo, H., Asakura, T., Takamura, Y., and Ono, T. (1996). Emotional
and behavioral correlates of mediodorsal thalamic neurons during associative
learning in rats. J. Neurosci. 16, 5812-5829. doi: 10.1523/jneurosci.16-18-
05812.1996

Padilla-Coreano, N., Do-Monte, F. H., and Quirk, G. J. (2012). A time-
dependent role of midline thalamic nuclei in the retrieval of fear memory.
Neuropharmacology 62, 457-463. doi: 10.1016/j.neuropharm.2011.08.037

Park, S., and Holzman, P. S. (1993). Association of working memory deficit and
eye tracking dysfunction in schizophrenia. Schizophr. Res. 11, 55-61. doi:
10.1016/0920-9964(93)90038-k

Parnaudeau, S., Bolkan, S. S., and Kellendonk, C. (2018). The mediodorsal
thalamus: an essential partner of the prefrontal cortex for cognition. Biol.
Psychiatr. 83, 648-656. doi: 10.1016/j.biopsych.2017.11.008

Parnaudeau, S., O’Neill, P. K., Bolkan, S. S., Ward, R. D., Abbas, A. I, Roth,
B. L, etal. (2013). Inhibition of mediodorsal thalamus disrupts thalamofrontal
connectivity and cognition. Neuron 77, 1151-1162. doi: 10.1016/j.neuron.2013.
01.038

Paul, A., Crow, M., Raudales, R., He, M., Gillis, J., and Huang, Z. J. (2017).
Transcriptional architecture of synaptic communication delineates GABAergic
neuron identity. Cell 171, 522.e-539.e.

Perez, S. M., Boley, A., and Lodge, D. J. (2019). Region specific knockdown
of Parvalbumin or Somatostatin produces neuronal and behavioral deficits
consistent with those observed in schizophrenia. Translat. Psychiatr. 9, 264-
264.

Phillips, M. L., Robinson, H. A., and Pozzo-Miller, L. (2019). Ventral hippocampal
projections to the medial prefrontal cortex regulate social memory. eLife
8:¢44182.

Pinto, L., and Dan, Y. (2015). Cell-Type-Specific Activity in Prefrontal Cortex
during Goal-Directed Behavior. Neuron 87, 437-450. doi: 10.1016/j.neuron.
2015.06.021

Qi, C-C, Wang, Q.-J., Ma X-z, Chen, H.-C, Gao, L.-P., Yin, J, et al
(2018). Interaction of basolateral amygdala, ventral hippocampus and medial
prefrontal cortex regulates the consolidation and extinction of social fear.
Behav. Brain Funct. 14:7.

Resstel, L. B. M., Joca, S. R. L., Guimaries, F. G., and Corréa, F. M. A.
(2006). Involvement of medial prefrontal cortex neurons in behavioral and
cardiovascular responses to contextual fear conditioning. Neuroscience 143,
377-385. doi: 10.1016/j.neuroscience.2006.08.002

Roozendaal, B., McEwen, B. S., and Chattarji, S. (2009). Stress, memory and the
amygdala. Nat. Rev. Neurosci. 10, 423-433. doi: 10.1038/nrn2651

Roozendaal, B., de Quervain, D. J. F., Schelling, G., and McGaugh, J. L. (2004).
A systemically administered B-adrenoceptor antagonist blocks corticosterone-
induced impairment of contextual memory retrieval in rats. Neurobiol. Learn.
Memory 81, 150-154. doi: 10.1016/j.nlm.2003.10.001

Rotaru, D. C., Barrionuevo, G., and Sesack, S. R. (2005). Mediodorsal thalamic
afferents to layer III of the rat prefrontal cortex: Synaptic relationships to
subclasses of interneurons. J. Comp. Neurol. 490, 220-238. doi: 10.1002/cne.
20661

Rubenstein, J. L. R., and Merzenich, M. M. (2003). Model of autism: increased ratio
of excitation/inhibition in key neural systems. Genes Brain Behav. 2, 255-267.
doi: 10.1034/j.1601-183x.2003.00037.x

Rudy, B., Fishell, G., Lee, S., and Hjerling-Leffler, J. (2011). Three groups of
interneurons account for nearly 100% of neocortical GABAergic neurons. Dev.
Neurobiol. 71, 45-61. doi: 10.1002/dneu.20853

Sanders, S. K., and Shekhar, A. (1995). Regulation of anxiety by GABAA receptors
in the rat amygdala. Pharm. Biochem. Behav. 52, 701-706. doi: 10.1016/0091-
3057(95)00153-n

Saykin, A. J., Shtasel, D. L., Gur, R. E,, Kester, D. B., Mozley, L. H., Stafiniak,
P., et al. (1994). Neuropsychological deficits in neuroleptic naive patients with
first-episode schizophrenia. Arch. Gen. Psychiatr. 51, 124-131. doi: 10.1001/
archpsyc.1994.03950020048005

Saykin, A.J., Gur, R. C,, Gur, R. E., Mozley, P. D., Mozley, L. H., Resnick, S. M., et al.
(1991). Neuropsychological function in schizophrenia. Selective impairment in
memory and learning. Arch. Gen. Psychiatr. 48, 618-624. doi: 10.1001/archpsyc.
1991.01810310036007

Schmitt, L. I, Wimmer, R. D., Nakajima, M., Happ, M., Mofakham, S., and
Halassa, M. M. (2017). Thalamic amplification of cortical connectivity sustains
attentional control. Nature 545:219. doi: 10.1038/nature22073

Senn, V., Wolff, S. B., Herry, C., Grenier, F., Ehrlich, I, Griindemann, J., et al.
(2014). Long-range connectivity defines behavioral specificity of amygdala
neurons. Neuron 81, 428-437. doi: 10.1016/j.neuron.2013.11.006

Shibano, N., Yamazaki, M., Arima, T., Abe, K., Kuroda, M., Kobayashi, Y., et al.
(2020). Excitation of prefrontal cortical neurons during conditioning enhances
fear memory formation. Sci. Rep. 10:8613.

Sigurdsson, T., Stark, K. L., Karayiorgou, M., Gogos, J. A., and Gordon, J. A.
(2010). Impaired hippocampal-prefrontal synchrony in a genetic mouse model
of schizophrenia. Nature 464:763. doi: 10.1038/nature08855

Sotres-Bayon, F., and Quirk, G. J. (2010). Prefrontal control of fear: more than just
extinction. Curr. Opin. Neurobiol. 20,231-235. doi: 10.1016/j.conb.2010.02.005

Sotres-Bayon, F., Sierra-Mercado, D., Pardilla-Delgado, E., and Quirk, G. J. (2012).
Gating of fear in prelimbic cortex by hippocampal and amygdala inputs. Neuron
76, 804-812. doi: 10.1016/j.neuron.2012.09.028

Spellman, T., Rigotti, M., Ahmari, S. E., Fusi, S., Gogos, J. A., and Gordon, J. A.
(2015). Hippocampal-prefrontal input supports spatial encoding in working
memory. Nature 522:309. doi: 10.1038/nature14445

Sun, Q., Li, X,, Li, A., Zhang, J., Ding, Z., Gong, H., et al. (2020). Ventral
Hippocampal-Prefrontal Interaction Affects Social Behavior via Parvalbumin
Positive Neurons in the Medial Prefrontal Cortex. iScience 2020:23.

Sun, Q,, Li, X,, Ren, M., Zhao, M., Zhong, Q., Ren, Y., et al. (2019). A whole-
brain map of long-range inputs to GABAergic interneurons in the mouse
medial prefrontal cortex. Nat. Neurosci. 22, 1357-1370. doi: 10.1038/s41593-
019-0429-9

Tavares, R. M., Mendelsohn, A., Grossman, Y., Williams, C. H., Shapiro, M., Trope,
Y., et al. (2015). A Map for Social Navigation in the Human Brain. Neuron 87,
231-243. doi: 10.1016/j.neuron.2015.06.011

Thierry, A. M., Gioanni, Y., Degenetais, E., and Glowinski, J. (2000). Hippocampo-
prefrontal cortex pathway: anatomical and electrophysiological characteristics.
Hippocampus 10, 411-419.  doi: 10.1002/1098-1063(2000)10:4<411::aid-
hipo7>3.0.co;2-a

van Heukelum, S., Mogavero, F., van de Wal, M. A. E., Geers, F. E.,, Franga, A. S. C.,
Buitelaar, J. K., et al. (2019). Gradient of Parvalbumin- and Somatostatin-
Expressing Interneurons Across Cingulate Cortex Is Differentially Linked to
Aggression and Sociability in BALB/c] Mice. Front. Psychiatr. 10, 809-809.
doi: 10.3389/fpsyt.2019.00809

Vogt, D., Cho, K. K. A,, Lee, A. T,, Sohal, V. S, and Rubenstein, J. L. R. (2015).
The Parvalbumin/Somatostatin Ratio Is Increased in Pten Mutant Mice and by
Human PTEN ASD Alleles. Cell Rep. 11, 944-956. doi: 10.1016/j.celrep.2015.
04.019

Frontiers in Neural Circuits | www.frontiersin.org

July 2021 | Volume 15 | Article 716408


https://doi.org/10.1001/archpsyc.62.4.379
https://doi.org/10.1523/jneurosci.1941-20.2020
https://doi.org/10.3389/fnsys.2013.00037
https://doi.org/10.1016/j.cell.2014.09.020
https://doi.org/10.1523/jneurosci.2378-13.2013
https://doi.org/10.1126/science.aaf7003
https://doi.org/10.1126/science.aaf7003
https://doi.org/10.1523/jneurosci.16-18-05812.1996
https://doi.org/10.1523/jneurosci.16-18-05812.1996
https://doi.org/10.1016/j.neuropharm.2011.08.037
https://doi.org/10.1016/0920-9964(93)90038-k
https://doi.org/10.1016/0920-9964(93)90038-k
https://doi.org/10.1016/j.biopsych.2017.11.008
https://doi.org/10.1016/j.neuron.2013.01.038
https://doi.org/10.1016/j.neuron.2013.01.038
https://doi.org/10.1016/j.neuron.2015.06.021
https://doi.org/10.1016/j.neuron.2015.06.021
https://doi.org/10.1016/j.neuroscience.2006.08.002
https://doi.org/10.1038/nrn2651
https://doi.org/10.1016/j.nlm.2003.10.001
https://doi.org/10.1002/cne.20661
https://doi.org/10.1002/cne.20661
https://doi.org/10.1034/j.1601-183x.2003.00037.x
https://doi.org/10.1002/dneu.20853
https://doi.org/10.1016/0091-3057(95)00153-n
https://doi.org/10.1016/0091-3057(95)00153-n
https://doi.org/10.1001/archpsyc.1994.03950020048005
https://doi.org/10.1001/archpsyc.1994.03950020048005
https://doi.org/10.1001/archpsyc.1991.01810310036007
https://doi.org/10.1001/archpsyc.1991.01810310036007
https://doi.org/10.1038/nature22073
https://doi.org/10.1016/j.neuron.2013.11.006
https://doi.org/10.1038/nature08855
https://doi.org/10.1016/j.conb.2010.02.005
https://doi.org/10.1016/j.neuron.2012.09.028
https://doi.org/10.1038/nature14445
https://doi.org/10.1038/s41593-019-0429-9
https://doi.org/10.1038/s41593-019-0429-9
https://doi.org/10.1016/j.neuron.2015.06.011
https://doi.org/10.1002/1098-1063(2000)10:4<411::aid-hipo7>3.0.co;2-a
https://doi.org/10.1002/1098-1063(2000)10:4<411::aid-hipo7>3.0.co;2-a
https://doi.org/10.3389/fpsyt.2019.00809
https://doi.org/10.1016/j.celrep.2015.04.019
https://doi.org/10.1016/j.celrep.2015.04.019
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles

Yang et al.

Long-Range Connectivity With Prefrontal Interneurons in Behavior

Wolff, M., and Vann, S. D. (2019). The cognitive thalamus as a gateway to mental
representations. J. Neurosci. 39, 3-14. doi: 10.1523/jneurosci.0479-18.2018
Xiang, Z., Huguenard, J. R., and Prince, D. A. (2002). Synaptic Inhibition of
Pyramidal Cells Evoked by Different Interneuronal Subtypes in Layer V of Rat

Visual Cortex. J. Neurophysiol. 88, 740-750. doi: 10.1152/jn.2002.88.2.740

Xu, H,, Liu, L, Tian, Y., Wang, J., Li, J., Zheng, J., et al. (2019). A Disinhibitory
Microcircuit Mediates Conditioned Social Fear in the Prefrontal Cortex.
Neuron 102, 662-683.

Yin, F., Guo, H., Cui, J., Shi, Y., Su, R,, Xie, Q., et al. (2019). The basolateral
amygdala regulation of complex cognitive behaviours in the five-choice serial
reaction time task. Psychopharmacol. 236, 3135-3146. doi: 10.1007/s00213-
019-05260-w

Yizhar, O., and Levy, D. R. (2021). The social dilemma: prefrontal control of
mammalian sociability. Curr. Opin. Neurobiol. 68, 67-75. doi: 10.1016/j.conb.
2021.01.007

Yizhar, O., Fenno, L. E., Prigge, M., Schneider, F., Davidson, T.]., O’Shea, D. ], etal.
(2011). Neocortical excitation/inhibition balance in information processing and
social dysfunction. Nature 477:171. doi: 10.1038/nature10360

Zelikowsky, M., Bissiere, S., Hast, T. A., Bennett, R. Z., Abdipranoto, A., Vissel,
B., et al. (2013). Prefrontal microcircuit underlies contextual learning after
hippocampal loss. Proc. Natl. Acad. Sci. 110, 9938-9943. doi: 10.1073/pnas.
1301691110

Zwaigenbaum, L., Brian, J., Smith, I. M., Sacrey, L.-A. R,, Franchini, M., Bryson,
S. E., et al. (2021). Symptom trajectories in the first 18 months and autism risk
in a prospective high-risk cohort. J. Child Psychol. Psychiatr. 2021:13417.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Yang, Mack, Shu and Gao. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neural Circuits | www.frontiersin.org

14

July 2021 | Volume 15 | Article 716408


https://doi.org/10.1523/jneurosci.0479-18.2018
https://doi.org/10.1152/jn.2002.88.2.740
https://doi.org/10.1007/s00213-019-05260-w
https://doi.org/10.1007/s00213-019-05260-w
https://doi.org/10.1016/j.conb.2021.01.007
https://doi.org/10.1016/j.conb.2021.01.007
https://doi.org/10.1038/nature10360
https://doi.org/10.1073/pnas.1301691110
https://doi.org/10.1073/pnas.1301691110
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles

	Prefrontal GABAergic Interneurons Gate Long-Range Afferents to Regulate Prefrontal Cortex-Associated Complex Behaviors
	Highlights
	Introduction
	Anatomical and Physiological Connections the Long-Range Afferents Formed With Prefrontal INs
	MD-mPFC
	vHPC-mPFC
	BLA-mPFC

	Distinct Roles of Three Long-Range Afferents in the Mpfc in Regulating Complex Behavior
	Working Memory
	PV-INs Regulate MD-PFC-Dependent Cognitive Function
	SST-INs Facilitate vHPC-mPFC Synchrony and Prefrontal Spatial Coding
	Amygdala Inputs Drive Feedforward Inhibition in the mPFC

	Social Cognition
	MD-mPFC Pathway Appears to Be Important for Social Preference and Dominance but Not Social Memory and Social Fear
	vHPC-mPFC Connections Regulate Social Memory via PV-INs
	BLA-mPFC Pathway Plays an Important Role in Social Cognition but the Involvement of GABAergic INs in the mPFC Remains to Be Determined

	Fear Conditioning Expression and Extinction
	MD-mPFC Pathway for Both Fear Expression and Extinction
	vHPC-mPFC in Social Fear
	vHPC-mPFC Connection Drives Fear Extinction via PV-INs
	BLA-mPFC in Fear Acquisition, Expression, Extinction


	Conclusion and Future Directions
	Author Contributions
	Funding
	References


