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Abstract

Regulation of threat responses by the vmPFC dynorphin system

Aaron Weston Limoges

Organisms must continuously navigate complex environments, balancing the drive
to seek rewards with the need to avoid potential threats. This tradeoff betweespproach
and avoidance behaviors, known as approaeavoidance conflict, is a critical determinant
of survival. The medial prefrontal cortex (MPFC) plays a key role in regulating these
behaviors, with the ventromedial (vmPFC) and dorsomedial components thagit to
suppress and promote, respectively, behavioral responses to threats. Within the vmPFC,
neural populations expressing the opioid peptide dynorphin (Dyn) and its receptor, the
kappa opioid receptor (KOR), have been implicated in stress responses. Hw&g the
specific role of the vmPFC Dyn system in encoding threeglated information and shaping
behavioral responses remains largely unexplored. To address this, we employed a multi
faceted approach, utilizing fiber photometry, calcium imaging, shRN#ediated
knockdown, and DREADBnediated inhibition to investigate the vmPFC Dyn system in
various threat-related paradigms. These included the platforamediated avoidance (PMA)
task, which assesses approaehvoidance conflict; the repeated looming disk tesg pain
free model of innate fear suppression; and standard fear conditioning, a wedktablished
paradigm for studying learned fear responses.

Our findings reveal that while the vmPFC Dyn system is not differentially regulated
under non-threatening baseline conditions, it is actively recruited upon threat exposure.
Fiber photometry recordings during the PMA task showed that vmPFC Dyn neurons
bidirectionally signal features related to approach and avoidance behaviors in the presence
of threat. Furthermore, shRNAmediated downregulation of Dyn in the vmPFC led to
enhanced avoidance in the repeated looming disk test, indicating that Dyn is necesstny
suppressing avoidance in this context. Calcium imaging of the paeuronal vmPFC
population in conjunction with Dyn knockdown revealed that loss of Dyn impairs cortical
activity, as evidenced by reduced synchrony and decreased performance of a logistic
regression decoder. These findings suggest that Dyn plays a critical role in shaping the
activity of vmPFC neurons during threat processinglaken together, our results highlight a
specific role for the vmPFC Dyn system in toggling threalriven behavioral responses,
particularly in the context of approachavoidance conflict. By demonstrating how Dyn
shapes both behavior and neural activity in the vmPFC during threat exposure, this study
provides novel insights into an understudied area of opioidergic cingtry. Moreover, our
findings contribute to a deeper understanding of how distinct cell types within the vmPFC
encode threatrelated features to promote or suppress avoidance behaviors, shedding light
on the neural mechanisms underlying adaptive responsds environmental challenges.
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Introduction: Grcuits and systems involved in threat detection and
appraisal

The necessity of threat detection

In order to survive, organisms must to updater changebehavior in accordance
with shifting environmental demands.Environmental demands can shift on short or long
timescales, across modalities, aridr with or without the presence of predictive cues.
Experiences also can vary in both valence and salience, and the ability to toggle actions in
response to changes in pleasure or pain (or predictors of pleasure and pain) is critical for
the survival of the organism.

The capacity torapidly adapt and modify behaviors becomes particularly cruciah
the realm of aversive experiencesThreats in the environment carappearsuddenly and
unexpectedly, necessitatingimmediate fight-or-flight responses or in other cases may be
predicted and evaded Detecting threats often involves distinguishing between benign and

harmful stimuli, and this discernment can be influenced by prior experiences and the
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anticipation of negative consequences. Therefore, the ability to adjust actions in response
to perceived threats is a fundamental component of an organism's survival strateghhis
problem has been framed in terms of the threatmminence continuum, which postulates
that the immediacy of a perceived threat dictates the behavioral strategy that will be
selected Fanselow and Lester 1988Mobbs et al. 208, Moscarello and Penzo 202 In
humans, distal threats elicit feelings such as worry and anxiety, whilenmediate threats
trigger actions such as fight, flight, or panic. In other mammals, distal threats trigger
strategies such as proactive planning, and increasing immediacy of the threat engages
behaviors such as defensive freezing and fligtdr-flight behaviors (Moscarello and Penzo
2022, Fanselow 19949.

The imminence of a particular threat also dictates the brain regions that will be
engaged in evaluating and selecting an appropriate defensive response. When a threat is
AEOOAI h OEA 1T OCATEOGI EAO OEA O1I Oo00UGWItDIT
this process being routed through higherorder regions such as the prefrontal cortex (PFC).
As a threat becomes more imminent, the luxury of time dissipates, and defensive fight
flight actions are rapidly selected via activity in deeper brain regins including the
hypothalamus and pertagueductal gray Mobbs et al. 2007Levy and Schiller 202).

A close encounter with a threat may be accompanied by other sensory stimuli. For
example, a rustling in a bush may occur just before a predator strikes. Cues such as this
offer a source of information that may be recalled in similar future scenarios to pdict the
presence of a potential threat. In the lab, this process is modeled using Pavlovian
conditioning (Pavlov 1927). In this model, a neutral stimulus is paired with an aversive

unconditioned stimulus (US) to drive an unconditioned response (UR). Evamdlly, delivery

ODbAI



of the neutral stimulus drives a conditioned response (CR) even in the absence of the US. At
this point, the neutral stimulus has become the conditioned stimulus (CS). Pavlovian threat
conditioning is a simple yet elegant model that evokes activity in disete circuits to form
associations between the CS and US. Pavlovian threat condition{figrmation of cue-

outcome associationsyelies heavily on activity in the PFC, amygdalatriatum, and ventral
tegmental area (i et al. 2011 McHugh et al. 2014Levy and Schiller 2021). Together, these
circuits support the formation of associations between neutral stimuli and threats, as well

as the learning of avoidance behaviors.

What happens when a CS is no longer predictive of a US? After encountering danger,
the initial defensive responses triggered by conditioned stimuli are eventually suppressed
through learning (Myers and Davis 2002Milad and Quirk 2012). When a threatening CS is
presented repeatedly and in the absence of the US, the conditioned response becomes
suppressed, or extinguished. This process of extinction learning results in the formation of
a new memory rather than the deletion or forgettingof the initial assocation, and thus
extinction represents a key mechanism that counteracts threat conditioning. The ability to
suppress learned fear responses is critical for adaptive energy maintenance and for
preventing the inappropriate retention of defensive responses, major symptom in
conditions such as postraumatic stress disorder (PTSD).

Importantly, the evaluation of potential threats is a prospective and probabilistic
process, and in practice the true absence of a threat is rarely known a priori. As such,
organisms must use their prior knowledge and expectations (if any exists) about aeto
select an action from a dictionary of behavioral responsed.€vy and Schiller 202). Thus,

L~ -z A =z s A~
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performance of the behavior itself or from the processes used to detect the cue and update
its expectations. This decision landscape is guided by the neural computations among a
host of brain regions and pathways. Aberrant activity or signaling across thesegions may
thus bias an organism towards specific behavioral abnormalities. The present thesis
examines this concept in detail by exploring the PFC, a brain region critical for detecting

and responding to various threats.

Prefrontal regulation of threat processing

The human PFC is divided into the lateral PFC and the ventromedial PFC; the lateral
PFC is further divided into the dorsolateral PFC (dIPFC) and the ventrolateral PFC, while
the ventromedial PFC is divided into medial and ventral compartments. The laterahd
medial PFC play different roles in cognitive and emotional processing, with the lateral PFC
being more involved in higherorder cognitive functions and the medial PFC being more
involved in emotional regulation (Averbeck and Seo 2008). Dysfunction ofi¢ dIPFC is
implicated in a variety of psychiatric disorders including schizophrenia, depression, PTSD,
and more (Mega and Cummings 1994 oenigs and Grafman 2009.ogue et al. 2021). The
dIPFC of humans is commonly thought to be homologous to the rodent medial PFC (mPFC)
(Moghaddam and Homayoun 200/McEwen and Morrison 2013), although debate
continues about whether such perfect mappings exist between rodents and primates
(Roberts and Clarke 2019Laubach et al. 2018). The orbitofrontal cortex (OFC) in huams
also shares similarities with the rodent mPFC, particularly in its role in encoding reward
value and guiding decisioamaking (Rudebeck and Murray 2014lzquierdo 2017). In

contrast, the frontal pole, the most anterior part of the human PFC, has no clear homologue



in the rodent brain and is thought to be involved in more abstract cognitive processes such
as metacognition and prospective memory (Burgess et al. 200¥sujimoto et al. 2011).

The PFC is one of the most hyperconnected regions in the brain, with extensive
inputs and outputs to various cortical and subcortical structures (Bullmore and Sporns
2009, van den Heuvel and Sporns 2013). As a densely connected structure, the mPFC
receives inputs from several brain regions, which can be broadly categorized into limbic
"associative" areas, primary sensory regions, thalamic nuclei, and subcortical
neuromodulatory centers. Some of the densest afferents to the mPFC arise from limbic
associativeareas such as the basolateral amygdala (BLA) and hippocampus, each of which

are known to regulate various aspects of learning, motivation, and goedirected behaviors
A
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Figure 2: Comparison of regions of human and mouse brain
involved in threat processing. Reproduced from Kredlowet al. 2021.
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(Anastasiades and Carter 202IHoover and Vertes 2007). The mPFC also receives inputs
from primary sensory regions, including the visual, auditory, and somatosensory cortices,
which provide information about the external environment (Hoover and Vertes 2007).
Thalamic nuclei, particulaty the mediodorsal nucleus, send strong projections to the mPFC,
relaying information from other cortical and subcortical regions (Alcaraz et al. 2018). In
addition, the mPFC is targeted by subcortical neuromodulatory centessich as the dorsal
raphe nucleus (DRN) and the locus coeruleus, which regulate arousal, attention, and stress
responses through serotonergic and noradrenergic signaling, respectively (Chandler et al.
2013, Muzerelle et al. 2016). The hypothalamus, a key regulator of homeostatic processes
and autonomic functions, also sends inputs to the mPFC (Hoover and Vertes 2007).
Outputs of the mPFC target a range of brain structures that regulate various
components of cognition and behavior, allowing the mPFC to exert control over motivation,
arousal, homeostasis, and defensive behaviors. Through its projections to the ventral Ahas
ganglia, including the nucleus accumbens (Vertes 2004), and the extended amygdala, such
as the bed nucleus of the stria terminalis (Hurley et al. 1991, Vertes 2004), the mPFC can
modulate motivation and arousal. While it was thought for some time thatie mPFC
targets the intercalated cell masses (ITCs) of the amygdala (Likhtik et al. 2005), more
recent work has challenged this notion and suggests that mPFC does not target the ITCs
directly, but rather indirectly via modulation of BLA neurons, which do poject to the ITCs
(Strobel et al. 2015). This is critical because the ITCs are involved in toggling fear states,
and specific clusters of ITCs can promote or suppress fear expression (Hagihara et al.
2021). The mPFC also sends projections to the hypothatais (Hurley et al. 1991), allowing

it to coordinate homeostatic and autonomic systems. Furthermore, the mPFC targets



hindbrain and midbrain structures, such as the periaqueductal gray (PAG) (Floyd et al.
2000) and pontine nuclei (Warden et al. 2012), which are involved in regulating specific
defensive behaviors. In addition, the mPFC sends efferents to neuromodulatorynters,
including the VTA (Carr and Sesack 2000), DRN (Sesack et al. 1989), locus coeruleus (Luppi
et al. 1995), and basal forebrain (Vertes 2004), providing it with control over ascending
neuromodulatory systems that regulate arousal, attention, and stresesponses. Other
mMPFC efferents target structures involved in the processing of aversion and stress, such as
the lateral habenula (Baker et al. 2016) and the paraventricular nucleus of the thalamus
(Hurley et al. 1991, Vertes 2004). The mPFC is a highlynmected structure, and the signals
routed through its inputs and outputs underscore its role as an integrator of diverse
information about internal and external states, allowing it to coordinate appropriate
behavioral responses.

The ability to learn stimulus-outcome associations is critical for survival. The mPFC
regulates memory consolidation across a variety of tasks including reward learnindz@ki
et al. 2000, simple threat conditioning (Morrow et al. 1999), and trace threat conditioning
(Runyan et al. 2004. The mPFC also regulates the consolidation of extinction of drug
seeking behavior LaLumiere et al. 2010Ma et al. 2014 Warren et al. 2019 and threat
(Peters et al. 2009SotresBayon et al. 2009Senn et al. 201 In addition to consolidation,
the mPFC is also important for the retrieval of distant oremote memories, as inactivation
of mPFC impairs performance on remote, but not recent, memotyased tasks Koya et al.
2008, Quinn et al. 200§. The mPFC predicts which actions are most adaptive for a given
scenario, and the mPFC contains neurons responsive to both reward and aversi&ugton

et al. 2012. Neurons of the mPFC encode higiimensional information and respond to a



variety of task-related features, highlighting the function of the mPFC in processing
complex signals. For example, mPFC neurons have been shown to respond to specific trial
epochs or events, suggesting a role in encoding task structurdufig et al. 1998

Furthermore, mPFC neurons also signal rules and rule changes, pointing toward a role in
coordinating circuits to rapidly adjust to shifting task demands Killer 2000, Bartolo and
Averbeck 2020 Durstewitz et al. 201Q Narayanan et al. 2006Cowen and McNaghton

2007). The mPFC also encodes gealated information (Narayanan et al. 2006Cowen and
McNaughton 2007, reward contingency and expectation Burton et al. 2009, and

contextual, spatial, and positional information Hyman et al. 2012Cowen and McNaughton
2007, Euston and McNaughton 2006 While mPFC neurons may be selective for specific

task features, in many cases they exhibit mixed selectivity, which is the tendency to
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respond to multiple features of a task Rigotti et al. 2013,Grunfeld and Likhtik 2018).
Additionally, the mPFC can regulate downstream activity through differential activity in its
projection pathways (Otis et al. 2017. Taken together, the literature highlights a role of the
mPFC in regulating several aspects of learning across modalities, reinforcers, and
timescales.

The mPFC is sensitive to psychological stress, and performance of mRiependent
tasks often diminishes with high levels of stressArnsten 2009, McEwen and Morrison
2013, Yuen et al. 2009Liston et al. 2006. Anxiogenic experiences also promote activity in
the mPFC that is coupled to oscillatory activity of the ventral hippocampus, another region
commonly affected by chronic stressAdhikari et al. 2010 McEwen 2007). Aversive
outcomes and predictors of aversive outcomes also trigger differential activity
populations of mMPFC neurons, indicating that neuronal motifs within the mPFC work

together to encode multiple features of aversionBaeg et al. 200L



The medial prefrontal cortex is often demarcated into three primary subregions: the
anterior cingulate cortex, the prelimbic cortex (PL), and the infralimbic cortex (IL). Each of
these regions plays a subtly different role in threatelated memory processes. The neural
circuits underlying classical Pavlovian threat conditioninghas been extensively studied
(Fendt and Fanselow 1999Sierra-Mercado et al. 2011Gonzalez and Fanselow 2020
Briefly, sensory signals conveying the conditioned stimulus (CS) andieonditioned
stimulus (US), which are relayed by the sensory cortices and thalamus, respectively, are
integrated in the BLA. The BLA then relays this information to the central amygdala (CeA),
which promotes the freezing response. The BLA also projectstie ITCs, which are capable
of inhibiting CeA activity. While the inputs from the ITCs are not engaged during threat
conditioning, they do become critical during extinction, when the contingency between the
CS and US becomes degraded or contesgtecific (Likhtik et al. 2008, Hagihara et al. 202].

These subcortical circuits underlying both threat conditioning and extinction are

Fear Expression Fear Extinction
PFC AMYG PFC AMYG
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Expression of fear requires activity in PL, whiclilrives an amygdalar network distinct

from that engaged during fear extinction, which is dependent on IL. Reproduced from
SotresBayon and Quirk (2010).
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modulated in large part by inputs from the mPFC to the BLA, with the PL and IL subregions
of the mPFC playing nuanced roles in these learning processes.

The PL regulates fear expression on acute timescales. While inhibition of the PL prior to
cued and contextual fear conditioning promotes fear expression acutely during the
conditioning session itself, the enhanced freezing does not carry over to test sess on
subsequent days, indicating that silencing PL neurons does not impair the acquisition of
fear (Corcoran and Quirk 2007. Moreover, inhibition of PL neurons during cued fear
retrieval, wherein the CS is presented repeatedly in the absence of the US, prevents fear
expression (Corcoran and Quirk 2007. Importantly, the effects of PL inhibition prior to
threat exposure do not translate to models of innate fear, indicating that the PL does not
just generally promote freezing Corcoran and Quirk 2007. Inhibition of the PL during fear
extinction suppresses fear expression during the extinction sessiapsimilar to the effects
on fear retrieval described aboveg but does not facilitate extinction memory Sierra-
Mercado et al 201). Electrophysiological studies have shown that repeated &$S pairings
induce sustained and heightened activity in PL neurons during the CBuUrgos-Robles et al.
2009). Furthermore, the degree of excitation of PL neurons during threat extinction is
inversely correlated with the degree of extinction Burgos-Robles et al. 200%9. This
highlights a role for the PL in promoting fear expression following conditioning and
suggests that inhibition of the PL may suppress fear expression on acute timescales
without affecting general consolidation processeddowever, the role of the PL is still
nuanced. For examplewhile the dmPFCencodes sustainecamygdaladriven threat

representations,these signals failed tqredict behavioral outcomein an active avoidance
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task (Jercog et al. 2021)As such, more work is needed to clarify the precise roles of PL
across various types of threatrelated behavioral assays.

In contrast to the PL, which promotes expression of fear, the IL helps to suppress
behavioral responses to threats. The IL is recruited specifically during CS presentations of
fear extinction, but not during fear conditioning, and the degree of IL activain is
correlated with successful extinction Milad and Quirk 2002 Holmes et al. 2012. Similarly,
electrical stimulation of the IL at the onset of the CS during fear extinction reduces
expression of fear Milad and Quirk 2004 and promotes extinction memay formation
(Do-Monte et al. 2015.

A broader view of PL/IL function contends that these regionsay generally be
recruited during moments of ambiguity or uncertainty (Gonzalez and Fanselow 2020This
view is supported when considering the range of studies on PL and IL outside the realm of
classical fear conditioning. Like fear extinction, the extinction of rewargeeking behavior
is also Il-dependent (LaLumiere et al. 201QGutman et al. 2017. The mPFC is also involved
in context-specific discrimination, as IL lesions block the ability ofats to discriminate
context-specific contingencies Zelikowsky et al. 2013. The PL, meanwhile, is necessary to
associate specific cue contingencies, or rules, with specific contexts, as lesions of PL, but not
IL, impair the ability of rats to use contextual cues to learn which one of two CSs predicts a
footshock (Marquis et al. 20079. Networks of PL and IL neurons are critical for
discriminating safety associations across threatening and netireatening contexts
(Corches et al. 201® Inactivation of thelL, but not PL, impairs avoidance in favor of
freezing on an active avoidance task, suggesting that the IL may also play a role in

modulating defensive strategies fMoscarello and LeDoux 2018 Inactivation of PL has been
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shown to regulate active, but not inhibitory, avoidance on levepressing avoidance tasks,
while inactivation of IL impairs both active and inhibitory avoidance Capuzzo and Floresco
2020). In the same study, pharmacological inactivation in either PL or IL impaired
inhibitory reward -seeking, but not active rewardseeking, on a go/nego appetitive

learning task. Together, this points toward a more nuanced role of PL/IL function and
underscares a need to apply complex paradigms to discover more about how thesegions
work modulate a variety of behaviors.

Sometimes environmental demands conflict with the needs of an organism. For
example, an organism's drive to search for food may inadvertently lead it near a predator.
In such cases, the organism must balance their drive to consume food with the need to
avoid or flee from the predator. These two antagonistic motivations must be resolved to
promote survival, and cognitive procesesmust resolve this "motivational conflict" (Diehl
et al. 2019). One emerging paradigrased to inducemotivational conflict is the platform -
mediated avoidance (PMAparadigm (Bravo-Rivera et al. 2014Diehl et al. 2019). In the
PMA paradigm, rodents must make the tradeoff between seeking reward and avoiding
punishment. Rewards are signaled by cue lights, and punishing shocks are signaled by
tones. Within the chamber is a platform opposite the reward pw that allows the rodent to
avoid shock at the expense of forgoing reward. As such, the PMA task is useful for assessing
how certain circuits toggle decisionmaking under duress, and te mPFC regulates many
aspects of these tradeoffs. Inactivation of the PL impairs avoidance but not freezing in the
PMA task (BraveRivera et al. 2014). Inhibitory responses in the rostral PL are also
correlated with avoidance, and photostimulation of rostal PL neurons at 4Hz blocks

avoidance (Diehl et al. 2018). The PL controls avoidance in a pathwagecific manner, as
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stimulation of PL projections to the ventral striatum reduces avoidance, while stimulation

of PL outputs to the BLA promotes avoidance (Diehl et al. 2020). Meanwhile, inactivation of
the IL impairs extinction of avoidance in PMA, as evidenced by enhanceedzing and
suppression of foodseeking behavior (BraveRivera et al. 2014). Together, this indicates
that mPFC circuits and subregions play distinct roles in regulating complex decision
making processes and highlights the importance of further investigadtn on how defined

cell populations in the mPFC underpin these abilities.

Overview of the Dyn/KOR system

Dynorphin (Dyn) is an opioidergic peptide which, along withts cognate receptor,
the kappa opioid receptor (KOR)is commonlyimplicated in behavioral abnormalities
present across a range gbsychiatric disorders.In contrast to other opioid systems
including the delta- or mu-opioid receptor systens, the Dyn/KOR system drivesymptoms
such asdysphoria, anxiety, and psychotomimesis Pfeiffer et al. 198§. While these effects
are readily driven by agonism oKORthrough either synthetic or naturally occurring
agonists, such as Salvinorin AKOR antagonists haveore recently been investigatel as
potential therapeutics for psychiatric and substance usdisorders (Carlezon and Krystal
2016, Fava et al. 2020; Krystal et al. 2020; Schmidt et al. 202&imilarto humans,KOR
agonism in rodentspromotes aversive or anhedonic responses and promoteanxiety-like
behavior (reviewed in Bruchas et al. 2010Wee and Koob 2010Tejeda et al. 2012Crowley
and Kash 2015Karkhanis and AtHasani 2020, Limoges et al. 2022While it is thought
that KORagonismreduces drug- and reward-seeking behavior during acute timescales

(Shippenberg et al. 2007Freeman et al. 2014Butelman and Kreek 2015Heinsbroek et al.,
14



2018), overlonger periodsit may negatively reinforce thesebehaviors such that
attainment of the drug or reward mitigates the aversive experience of KOR agonism
(Bruchas et al. 201Q0Wee and Koob 2010Walker et al. 2012 Chartoff et al. 2016 Escobar
et al. 2020. KOR agonism imodents produces behavioralphenotypesreminiscent of
human disorders such asschizophrenia,depression, PTSDand substance use disordein
fact, abnormal Dyn/KOR signaling has indeed been implicated in each of the above
disorders (Hang et al. 2015Bruchas et al. 2010Jacobson et al. 2020 Together, this
highlights a role for Dyn/KOR activation during aversive and stressful experiences and

underscores its potential to contribute to psychiatric dysfunction in humans.
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Adapted from Crowley and Kash (2015)
The Dyn/KOR system is embeddedvithin limbic networks that regulate several

aspects of the above behaviors. For example, the Dyn/KOR system has been identified

the substantia nigra and the ventral tegmental area, nucleus accumbens (NAcc), amygdala,
hypothalamus, paraventricular thalamus (PVT), hippocampus, and septum, and
caudate/putamen (Chavkin et al. 1985Fallon et al. 1985 Slater and Cross 198@viansour

et al. 1987 Rattan et al. 1992DePaoli et al. 1994Jamensky and Gianoulakis 199Thou et
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al. 2001). These regionsare widely implicated in learning and memory, goatdirected
behavior, stress, arousal, attention, and energy homeostasis. The Dyn/KOR system is also
found in multiple non-limbic cortical areas including the auditory cortex Ramsdell and
Meador-Woodruff 1993), the somatosensory cortexl(oh et al. 2017, periamygdaloid

cortex (Anderson et al. 2013, and the parietal cortex DePaoli et al. 1994 Prodynorphin-
expressing neurons have also been identified in mouse and human brainstesgpstinelli

et al. 2021, as well as the lateral parabrachial nucleusghiang et al. 2020Norris et al.

2021).

Dyn/KOR in the PFC

Expression of Dyn and KOR within the PFC has been reported in several mammalian
species, including miceDePaoli et al. 1994 Yarur et al. 2023, Wang et al. 2024rats
(Yakovleva et al. 2006Svingos and Colago 2002hon-human primates (Khachaturian et al.
1985), and humans Peckys and Hurd 200). While the relative abundance®f Dyn and
KOR mRNA in the human PFC have not been associated with psychiatric illness, expression
levels of Dyn and KOR mRNA are associated with use of substances such as marijaada
stimulants (Peckys and Hurd 200). It is thought that Dyn and KOR may act as negative
reinforcers in the context of withdrawal, driving organisms to consume more drug to
suppress the aversion they induce (Koob et al. 2014pyn, but not KOR, is also
downregulated in postmortem samples of the PFC patients with alcohol use disorder
(Bazov et al. 2018 While these studies indicate that the Dyn/KOR system is associated
with substance use, more research is needed to determine whether any causal relationship

exists.
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Dyn neurons in the PFC may preferentially segregate to specific layéharur et al.
2023, Wang et al. 2024)While not directly observed in PFC, layespecificity of Dyn
neurons has been observed elsewhere in the cortex, such as the insular cortBxna et al.
2020), although the reporter mouse line used in these studies is nonspeciflo.the mouse
mPFC, about 25% of neurons eexpress SOM, another neuropeptide typically found in
GABAergic neurongSohn et al. 2014. While KOR expression in PFC neuronssparse,
KORs are commonly found on presynaptic terminals of afferents to the PFC. Thus, KORs are
in an ideal location to regulate release of neurotransmitters and neuromodulators onto
mPFC neurons. For example, BLA projection neurons that target the PIgll express
KOR. This is supported by the finding that BLLA&voked responses of PFC neurons are
attenuated upon KOR agonisniTejeda et al. 201%. KORs in the mPFC also regulate
dopaminergic signaling, with activation or blockade of KORs respectively inhting or
promoting dopamine overflow in the mPFQTejeda et al. 2013. As such, the Dyn/KOR
system in the mPFC is welpositioned to regulate diverse streams of input to the PFC
(Yarur et al. 2023), but additional work is necessary to characterize how this system is
embedded within PFC microcircuits and efferents to other brain regions
Effects on behavior

Only a handful of published studies have probed the role of the Dyn/KOR system in
mediating canonical PFC functions. Generallg{ORsin the prelimbic mPFCbecome
phosphorylated z a measure of putative Dyn signaling in response to a variety of
stressors, including swim stress, footshock, and acute morphine withdrawéRbraham et
al. 2021). Importantly, the role of Dyn in regulating mPF&riven behaviors may be

subregion-specific. For example, infusion of the KOR antagonist norBNI into the general
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mPFC confers an anxiolytic effect in the open field te€Tejeda et al. 201%. However,
modulation of KOR receptors specifically in the vmPF@&,region known to suppresdear
states(SotresBayon and Quirk 2010, confers an effect opposite that of the general mPFC.
For example infusion of norBNI into the vmPFGncreases anxietylike behavior, as assayed
by the elevated plus mazg,Wall and Messier 2002, whereas infusion of the KOR agonist
U69 into the vmPFC confers an anxiolytic effe¢Wall and Messier 2000. In humans, the

(T) allele at the rs1997794 site of the prodynorphin gene is associated with deficits in fear
extinction along with reduced functional connectivity along the amygdalwymPFC pathway
(Bilkei-Gorzo et al. 2012, pointing towards a role of vmPFC Dyn in evaluating and
responding to threats. The vmPFC DynKORsystem also controls the cardiovascular
system in response to acute threats and stressors. Tharoreflex is the neural mechanism
through which arterial blood pressure and the cardiovascular system are regulated. The
vmPFC drives autonomic control over the baroreflex to raise mean arterial pressure and
heart rate (Lagatta et al. 2023. Moreover, this function is rapidly triggered by exposure to
threats and is blocked by intravmPFC infusion of KOR antagonist$-éssini et al. 201%.

This couldserve as one mechanism through which systemic responses, such as muscle
tone, become primed for fightor-flight responses once an immediate threat has been
detected. It is thought that dysregulation of vmPFC function could be one mechanism
underpinning aberrant threat processing in disorders such as PTSD and other anxielike
disorders including depression (agatta et al. 2023. Together, these studies emphasize
that the PFC Dyn/KOR system is engaged during stressful experiences, during which it may

modulate anticipatory responses to perceived threats.
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Recent evidence indicates that the Dyn/KOR system also modulates higkeder
PFC functions such as working memory and cognition. Pharmacological activation of mPFC
KORs, as well as optogenetic stimulation of mPFC Dyn neurons, impairs performance on a
delayed alternating choice task in mic€ Abraham et al. 202). Additionally, working
memory deficits triggered by alcohol dependence are blocked by intramPFC infusion of
the KOR antagonist norBNI in rat§Wei et al. 2023. Meanwhile, infusion of the KOR
agonist U50 into the mPFC of naive rats recapitulates the working memory deficits seen in
alcoholdependent rats. These effects corroborate a human study that reported that a
polymorphism in the prodynorphin gene, which is associated with higher levels of
dynorphin, correlate with impairments in a PFGependent reversal learning task'\Votinov
et al. 2015. Collectively, these studies show that the mPFC Dyn/KOR system can also

regulate cognitive processes to impact behavior on complex memotyased tasks.

Summary

The Dyn/KOR system, particularly within the ventromedial prefrontal cortex
vmPFC, is uniquely positioned to toggle threatelated signals and control motivated
behavior due to its role in regulating emotional responses, autonomic functions, and
cognitive processesBecause lhe vmPFC is a key region involved in suppressing fear states
and modulating approachavoidance conflict the Dyn/KOR system within this region may
act as acircuit modulator, fine-tuning the vmPFC's output to guide behavior in responset
perceived threats.Importantly, however, the precise role of Dyn/KOR signaling within the
vmPFCduring threat exposure and approackavoidance conflict has not yet been

established.Moreover, many studies in this area tend to ignore the specific roles of
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neuropeptideswhile still studying the role of the peptide-expressing cell. Thus, there is a
need toinvestigate the roles of the peptides themselves in shaping neural and behavioral
responses to threats.

The Dyn/KOR system's ability to rapidly modulate the vmPFC's control over the
baroreflex and cardiovascular responses to acute threats and stressors highlights its
potential to influence the balance between approach and avoidance behaviors. By priming
systemic responses, such as increased heart rate and blood pressure, the Dyn/KOR system
preparesthe body for fight-or-flight reactions. This suggests that the Dyn/KOR system in
the vmPFC could be a critical component in the rapid assessment of threat levetsldhe
initiation of appropriate behavioral responses. Dysregulation of this system may lead to
aberrant threat processing, contributing to the development o$tress andanxiety disorders
such asPTSD.

Moreover, the Dyn/KOR system's involvement in higheorder PFC functions, such
as working memory and cognitive flexibility, further underscores its potential to influence
motivated behavior in the face of threatening stimuli. Impairments in these cognitive
processes, which have been linked taltered Dyn/KOR activation, may hinder an
individual's ability to accurately assess and respond to threats, leading to maladaptive
avoidance behaviors. By investigating the role of the vmPFC Dyn/KOR system in threat
processing and avoidance behavior, researchers may gain valuable insights into the neural
mechanisms underlying anxiety disorders and identify potential targets for therapeutic
interventions. Understanding how this system toggles threatelated signals and mfluences

the interplay between cognitive processesind threat appraisalcould pave the way for the
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development of more effective treatments aimed at restoring adaptive approaefivoidance

behaviors in individuals with psychiatric disorders.
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Chapter 1: Understanding the role of vmPFC Dyn signaling in

approach -avoidance conflict

1.1: Introduction

We implemented a behavioral task to capture key aspects of approaelkoidance
conflict in mice. We adapted many components from a similar task developed for rats
(Bravo-Rivera et al. 2014. In our task, mice were placed in an operant box that contained a
hole with a port through which reward could be delivered. Mice could attain rewards by
poking their snouts into the port, where an infrared beam activated a lever to deliver
reward to the mouse. The box also contained a wire floor through which a footshock could

be delivered, and a plexiglass platform was placed in a corner opposite the reward port.

Reward training Variable conflict High conflict
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Left: The apparatus allows mice to nosepoki® obtain reward when the nose port light
is on. However, during the conflict phases of the task, torshock pairings are delivered.
The mice can escape these by stepping on the platform at the cost of reward. Right: A
breakdown of the trial types used athe various phases of the task. In reward training,
mice receive only light cues and are not exposed to any tois@ock pairings. During
variable conflict, mice continue to receive light cues, but torshock pairings are also
introduced with varying degrees of overlap with the light. In high conflict, mice receive
only CoPresentation trials.
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corner requires mice to leave the platform to attain reward, thereby exposing them to the
grid floor. A schematic of the experimental apparatus is shown iRigure 6: Apparatus
schematic and experimental overview. .Thus, the PMA task presents a conflict between
the drive to seek rewards and the need to avoid punishment, allowing us to assess how the
animal resolves this motivational conflict. The PMA task has been shown to engage mPFC
circuits, with distinct subregions and pathways differentially regulating avoidance
behavior and reward-seeking (BraveRivera et al. 2014, Diehl et al. 2018, Diehl et al. 2020).
In our task, mice are first trained on five days of reward training, during which a 30s
light cue signaled availability of a liquid sucrose reward. During this time, mice can freely
nosepoke to obtain reward. No toneshock pairings are delivered during revard training,
as mice simply learn to approach the port to seek reward. By Day 5 of reward training, mice
tend to nosepoke earlier in the trials and suppress their nosepoking during the intertrial

interval. Following reward training, mice undergo variableconflict procedures. In variable
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conflict, mice are presented with rewardpredictive light cues as well as 30s tones that
predict mild footshocks. The footshocks last 2s and eerminate with the tones. During
variable conflict, tone and light cues are presented with varying degrees of @ap. Some
OOEAI O ET O11 OA DPOAOGAT OEi ¢ A OITA TO I1ECEO AOA
/T1 U6 OOEAI Oh OAOPAAOEOAIT UQh xEEI A ET T OEAO O
or the entire 30s block. We refer to the trials of entiely overlapping compound lighttone
AOAO AOAOAT OAOCETI 16 OOEAI 08

Previousexperiments from the laboratory using the PMA task revealead specific
role of vmPFCDyn in regulating approach behaviors following threat exposure. These

experiments illustrated a few key points. Firstjoss of vmPFC Dyn does not impact reward

seeking behavior in the absence of thregfFigure 7: Knockdown of Dyn does not
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regulate reward learning. ), suggesting that Dyn signaling in this region is not essential

for motivated behavior under neutral or non-threatening conditions. However,following
introduction of a threat, loss of vmPFC Dyn enhanced avoidance behavior, as evidenced by
increased time spent on the safety platform and reduced rewardeeking(Figure 8:
Knockdown of Dyn enhances avoidance following shock exposure. ). This finding

parallels our observations from fear conditioning experiments, where loss of vmPFC Dyn
enhanced freezing during both tones and intertrial intervals. Importantly, the suppression

of reward-seeking in the absence of vmPFC Dyn was only obsenadter the introduction of
the threat, indicating that Dyn signaling in this region is critical for maintaining goal

directed behavior in the face of competing aversive stimulFinally, when the rules of the
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task are changed, and mice are challenged to adapt to tria@isnsisting exclusively of
overlapping lights and tones, control animals learn to nosepoke early in the task and
retreat to the platform later, while mice lacking Dyn are unable to shift their strategy and
remain on the platform (Figure 9: Knockdown of vmPFC Dyn blocks behavioral

adaptation to rule changes in the PMA task.).
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Left: Schematic of behavioral strategy during GBresentation trials. Center:
Knockdown of vmPFC Dyn does not modulate rewasseeking or avoidance
behavior on CePresentation trials of variable conflict. Right: Knockdown of
vmPFC Dyn reduces rewargeeking and enhances avoidance behavior during
CoPresentation trials of high conflict.
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1.2: vmPFC Dyn neurons are recruited during motivational conflict

While OE A pagt éxpeBments have provided valuable insights into the role of
vmPFC Dyn in approactavoidance conflict, several keyssuesremain unresolved. First, it
is critical to examine the temporal dynamics of vmPFC Dyn signaling during the PMA task
to understand how this systemregulates approachavoidance conflictin real-time. Second,
investigating the role of vmPFC Dyn in other approachvoidance paradigmswvould provide
a more comprehensive understanding of how this peptidergic system regulatebehavior
under different types of motivational conflict. By addressing these questionsje aimed to
further elucidate the neural mechanisms through which vmPFC Dyn contributes to the
resolution of competing motivational drives and adaptive decisiormaking in the face of

threat.
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Because our lab previously identified a role of Dyn in regulating acute responses to
threatening stimuli, we sought to clarify howthe activity of vmPFC Dyn neurons is
modulated during bouts of motivational conflict. To do this, we used fiber photometry to
record bulk activity of Dyn neurons during the platformmediated aversion (PMA) task. We
injected AAV9-syn-FLEX|GCaMP8WPRE which induces expression of the calcium
indicator jJGCaMP8f in Creexpressing neurons, into the vmPFC of Dy@re mice Figure 10:
Experimental apparatus and histology of fiber photometry in Dyn  -Cre mice.).
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Left: mice learn to nosepoke during light presentations in reward learning. Middle: Mice
spend less time on the platform during reward learning. Right: Activity of vmPFC Dyn
neurons is not regulated by the light CS across days of reward learning.

We first wondered whether GCaMP signal changes throughout reward learning.
Given previous behavioral results, which suggested that vmPFC Dyn modulates reward
seeking behavior during motivational conflict, but not during reward learning, we
predicted that cue-evoked vmPFC Dyn signals would not change across reward learning.
Indeed, mice learned to nosepoke for rewards during the presentation of the light (Two
way repeated measures ANOVA;ime xDay interaction F(599, 8386) = 9.671 p<0.0001,
Time main effectF (599, 8386) = 18.04p<0.0001; Daymain effectF (1, 14) = 11.35
p=0.0046) and spent less time around the platform after learning this association (Two
way repeated measures ANOVA;ime xDay interaction F (599, 8386) = 0.5527p>0.9999;

Time main effectF (599, 8386) = 2.543p<0.0001; Day main effecfF (1, 14) = 6.236

28



p=0.0256), indicating successful learning of the task rules, but vmPFC Dyn neurons did not
change in response to the light cue during reward learning (Twavay repeated measures
ANOVA;Time xDay interaction F (599, 8386) = 0.7603p>0.9999; Time main effectF (599,
8386) = 1.776 p<0.0001; Day main effecF (1, 14) = 0.2371p=0.6338)(Figure 11: vmPFC
Dyn neurons are not engaged during reward training. ). This suggests that vmPFC Dyn
neurons are not involved in reward learning.

Next, we asked whether the activity of vmPFC Dyn neurons could be modulated via
introduction of motivational conflict. Our previous behavioral findings found that on Light
Only trials, mice lacking Dyn prefer to spend more time on the safe platform instead
nosepoking for reward, indicative of enhanced avoidance. Considering this, we predicted
that activity of Dyn neurons would be differentially modulated during Light Only trials of
variable conflict. We found that vmPFC Dyn neuronal activity is indeed rdolated during
the light CS in variable conflict proceduresKigure 12: Motivational conflict promotes
vmPFC Dyn neuronal activity during reward cues.). vmPFC Dyn neuronal activity was
enhanced on the first day of variable conflict (Twewvay repeated measures ANOVA;ime x

Day interaction F (599, 8386) = 2.521p<0.0001; Time main effectF (599, 8386) = 2.498

107 Day 6 1.0- 2.5
2 0.8- m Day 10 C08adl o g
09.)_0.6— t‘,.:o“ gj : % i a. :
@ 0.4 S 0.4- x
Z 0.2 0.2

0.04= 0.0 , — 25 ] A

0 30 0 30
Time (s) Time (s) Time (s)

SECOQQ@AT OEOAOQET T Al AlGI mI&RA & UD Al IAIDED@EDETOT
OA x AKOG\R O
,AEOQ -EAA AEOBIARAE EOKEI AIAER OGA-OO0MOOET C
AT Tni EAO DOl AAAOOAOG8 -EAAIT A - EAA ODPATA

~ A £ a2 oA N

i
OO0l A0 2EGCEOd ! AOEOEOU i £ Oio&# $AR 1TAOAD

~

AOOET ¢ OAOEAAT A AiTni EAOS

13

) —)

I OA «
10 A

29



p<0.0001; Day main effect (1, 14) = 0.06432p=0.8035), but the responses were
attenuated as the mice adapted to the task demands, as evidenced by enhanced time on
platform (Two -way repeated measures ANOVA;ime xDay interaction F (599, 8386) =

1.201, p=0.0008; Time main effectF (599, 8386) = 5.779p<0.0001; Day main effecf (1,

14) = 5.249 p=0.0380). We observed no difference in nosepoking across variable conflict
(Two-way repeated measures ANOVA;ime x Day interaction F (599, 8386) = 1.058
p=0.1678; Time main effectF (599, 8386) = 8.590p<0.0001; Day main effect(1, 14) =

1.841, p=0.1963). We then predicted that Tone Only trials, which cterminate with a
footshock, would enhance vmPF@euronal activity on early days of variable conflict, but

that these shock responses would taper off as mice learn to step on the platform to avoid
the shock. Indeed, we observed that vmPFC Dyn neurons are in fact modulated during Tone
Only trials (Two-way repeated measures ANOVA;ime xDay interaction F (599, 8386) =
2.316 p<0.0001; Time main effectF (599, 8386) = 5.501p<0.0001, Day main effect (1,

14) = 2.002 p=0.1789), and this difference is driven by the footshock period and not the
tone onsets(Figure 13: Motivational conflict promotes vmPFC Dyn neuronal activity

in response to threat s.). We also noted that mice spend less time nosepoking across days
of variable conflict (Two-way repeated measures ANOVA;ime x Day interaction F (599,

8386) = 1.143 p=0.0108; Time main effectF (599, 8386) = 2.035p<0.0001; Day main
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effectF (1, 14) = 3.519p=0.0817) in favor of increased time on the safe platform (Twavay
repeated measures ANOVA;ime x Day interaction F (599, 8386) = 0.6183p>0.9999; Time
main effectF (599, 8386) = 5.870p<0.0001; Day main effecf (1, 14) = 23.21p=0.0003).
This indicates that mice adopt different behavioral strategies as the rules of variable
conflict procedures are learned. These diverse behavioral strategies likely underlie the

difference in photometry signal during the shock period, as mice learn to spd more time
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Left: CoPresentation trials do not modulate nosepoking behavior during variable
conflict. Middle: CePresentation trials are not associated with altered time on platform
in variable conflict. Right: Activity of vmPFC Dyn neurons during G®resentation trials
is not differentially modulated throughout variable conflict procedures.

on the platform to avoid the shock.
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We next assessed how vmPFC Dyn neurons engage duringReesentation trials,
when the light and tone cues are presented concurrently. These trials were not associated
with differential activity of vmPFC Dyn neurons across day&igure 14: Motivational
conflict does not regulate vmPFC Dyn neuronal activity during co -presentation
trials .) (Two-way repeated measures ANOVA;ime xDay interaction F (599, 8386) =
0.8512, p=0.9955; Time main effectF (599, 8386) = 2.26Qp<0.0001; Day main effect (1,
14) = 1.425 p=0.2525). However, the behavior of the mice during G®resentation trials
stayed relatively stable across days as well, as we detected no difference in nosepoking
(Two-way repeated measures ANOVA;ime x Day interaction F (599, 8386) = 0.5261
p>0.9999; Time main effectr (599, 8386) = 6.493p<0.0001; Day main effect (1, 14) =
0.02955, p=0.8660) or time on platform (Two-way repeated measures ANOVA;ime xDay
interaction F (599, 8386) = 0.8481p=0.9962; Time main effectF (599, 8386) = 7.120
p<0.0001; Day man effectF (1, 14) = 0.1850p=0.6737). Together, these analyses on the
diverse trial types of variable conflict procedures indicate that vmPFC Dyn neurons are

recruited specifically during motivational conflict, and not during reward learning, and that
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activation of these neurons is enhanced on Light Only trials, when mice must attain
appetitive rewards in the face of threat.

After variable conflict procedures, we challenged mice by introducing high conflict
procedures, which shift task demands by exposing mice exclusively to compound light and
tone cues in the form of CdPresentation trials. In this phase of the task, becauseice must
learn to modify their approachavoidance strategy, we predicted that G®resentation trials
would again enhance activity of vmPFC Dyn neurons, much like what was observed during
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the Light Only trials of variable conflict. Indeed, we observed thdtigh conflict procedures

ED)>§

x AOA AOOT AEAOAA x E O-PreseritaGdn Aidls (Fig&rd Bo: SRIfrQ kG # 1
demands via high conflict procedures regulate s vmPFCDyn neuronal activity. ) (Two-

way repeated measures ANOVA;ime xDay interaction F (599, 8386) = 1.148p=0.0090;

Time main effectF (599, 8386) = 2.156p<0.0001; Day main effect (1, 14) = 1.046

p=0.3237). When exposed to high conflict procedures, mice did learn to nosepoke slightly
more for rewards during CePresentation trials, although this was not statistically

significant (Two-way repeated measures ANOVA;ime xDay interaction F (599, 8386) =

0.8565, p=0.9941; Time main effectF (599, 8386) = 12.51p<0.0001; Day main efect F (1,

33



14) = 1.310 p=0.2716). The mice did, however, spend less time on the platform early in the
trials, and learned to retreat to the platform prior to the shock (Tweway repeated
measures ANOVATiIme x Day interaction F (599, 8386) = 2.139p<0.0001; Time main
effectF (599, 8386) = 25.74p<0.0001; Day main effect (1, 14) = 2.556p=0.1322). This
suggests that altering task demands via introduction of high conflict procedures can lead
mice to modify their behavioral strategies. In our task, mice modified their behavior by
remaining off the platform early in CePresentation trials, and retreating to the platform
later in the trials to avoid shocks. This shift in behavior was paralleled by a change in
AAOEOGEOU DPAOOAOTI O T &£ Oio0&# $UI 1TAOOITT Oh AO
The PMA taskrequires diverse behavioral sequences to be performed to maximize
reward and minimize footshock exposure. Animals must activelgpproachthe reward
port, activdy return to the platform to avoid the shock, passivly wait on the platform
while the shock is deliveredand finally suppress their passive avoidance to rengage in
reward-seeking Aligning the activity of vmPFCDyn neuronsto the cues (as abovelikely
reflects the various behavioral states mice may be in a@he beginning of each trid For
example at the onset ok trial, one mouseanay be on the platform while another may be &
the reward port, and this variability in behavioral timing may mask reliable signals that
could be present when controlling for these behavioral sequence§hus, any increases in
Dyn neuron activity may only be detectable after decomposing the triaveraged signal
and aligning to specific behavioral eventsThis led us to askwhether the activity of vmPFC
Dyn neuronsincreases during suppression opassive awidancez when mice must
dismount the platform to approach thereward port z and decreases during the initiation of

passive avoidance, when mice mount the platform to avoid footshocko address thiswe
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across the various trial types of our PMA task.
On Day 1 of reward training, he activity of vmPFCDyn neurons remained similar
during platform mounts and dismounts(Figure 16: Platform mounts and dismounts
elicit similar activity in vmPFC Dyn neurons during reward training .) (Two-way

repeated measures ANOVA;ime x Day interaction F (69, 828) = 0.3223p>0.9999; Time
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main effectF (69, 828) = 0.08553p>0.9999; Day main effect (1, 12) = 0.03719
p=0.8503). Similarly, vmPF@yn signal during mounts and dismounts did not differ on Day

5 (Two-way repeated measures ANOVA;ime x Day interaction F (69, 690) = 0.5622

p=0.9983; Time main effectF (69, 690) = 2.380p<0.0001; Day main effecf (1, 10) =
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0.3076, p=0.5913). Note again that during reward training, the platform is innocuous, as
mice do not receive shocks, thus the platform has no utility for avoidance behavidris
demonstrates that during reward learning and prior to the introduction of variable conflict
procedures, vmPFC neuronal activity does not track behaviors that will eventually become
associated with approach andavoidance strategies.

We next examined these same behaviors in the multiple trial types of variable
conflict testing. In Light Only trials on the first day of variable conflict procedures, vmPFC

Dyn neuronal activity was not modulated by platform mounts or dismountgFigure 17:
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Left: dHF activity aligned to mount/dismount events during Light Only trials on Day 6
and Day 10 of variable conflict. Center: dF/F activity aligned to mount/dismount events
during Tone Only trials on Day 6 and Day 10 of variable conflict. Right: dF/F activity
aligned to mount/dismount events during CePresentation trials on Day 6 and Day 10 of
variable conflict.

Platform mounts and dismounts are associated with vmPFC Dyn neuronal activity
during variable conflict .) (Two-way repeated measures ANOVA; TimeBehavior
interaction F (69, 759) = 0.2126, p>0.9999; Time main effect F (69, 759) = 0.4420,
p>0.9999; Behavior main effect F (1, 11) = 0.06725, p=0.8002). Later in variable conflict,
platform dismounts on Light Only trialswere associated with enhanced vmPFC Dyn

neuronal signal, while platform this signal decreased during platform mounts (Twavay
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repeated measures ANOVA,; TimeBehaviorinteraction F (69, 828) = 10.23, p<0.0001;
Time main effect F (69, 828) = 0.9811, p=0.522&ehavior main effect F (1, 12) = 15.45,
p=0.0020). During Tone Only trials, where rewards are unavailable, passive avoidance of
the footshock is the optimal strategy. Tone Only trials were not associated with differential
vmPFC Dyn neuronal activity on mounts andismounts both on Day 6 (Tweway repeated
measures ANOVA,; Time Behaviorinteraction F (69, 828) = 1.112, p=0.2550Time main
effect F (69, 828) = 0.5080, p=0.999'Behavior main effect F (1, 12) = 0.1295, p=0.7253)
and Day 10 (Twoeway repeated measures ANOVA, TimeBehaviorinteraction F (69, 621)

= 1.208, p=0.1300; Time main effect F (69, 621) = 0.1045, p>0.99®Ehavior main effect F
(1, 9) =0.7823, p=0.3994) of the taskiVe also examined vmPFC Dyn neuronal activity
during Co-Presentation trials. Early in variable conflict, vmPFC Dyn neuronal activity
increased during mounts and decreased during dismountsT{vo-way repeated measures
ANOVA,; Time »Behaviorinteraction F (69, 552) = 5.038 p<0.0001; Time main effectF (69,
552) = 0.09273 p>0.9999; Behavior main effectF (1, 8) = 7.112p=0.0285), but later in
variable conflict, no differences were observedTwo-way repeated measures ANOVA,; Time
x Behaviorinteraction F (69, 483) = 0.5007p=0.9997; Time main effectr (69, 483) =

0.02594, p>0.9999;Behavior main effectF (1, 7) = 0.3974p=0.5484).
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Next, we challenged miceavith changes to the task demands by introducingigh
conflict procedures, which consisted exclusively o€o-Presentation trials.In this phase,
vmPFC Dyn neuronal activity initially did not differ across platform mounts and dismounts
(Figure 18: Platform mounts and dismounts are associated with differential vmPFC
Dyn neuron al activity during high conflict .) (Two-way repeated measures ANOVA;

Time xBehaviorinteraction F (69, 828) = 0.9762p=0.5340; Time main effectF (69, 828) =
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Left: dHF activity aligned to mount/dismount events during Co-Presentation

trials on Day 15 and Day 19. Right: dF/F activity aligned to mount/dismount

events during CePresentation trials on Day 15 and Day 19.

1.367,p=0.0293; Behavior main effectF (1, 12) = 1.947p=0.1881), but days later,
dismounts were associated with enhanced vmPFC Dyn neuronal activity, while this signal
was reduced on platform mounts Two-way repeated measures ANOVA; TimeBehavior
interaction F (69, 828) = 5.798p<0.0001; Time main effectF (69, 828) = 1.353p=0.0338,

Behaviormain effectF (1, 12) = 5.466p=0.0375).
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This analysis revealed that vmPFC Dyn neurons are activated once the drivers of
motivational conflict are introduced into the task structure. The fact that differential
signatures were not present during platform mounts and dismounts of reward learning
suggests that vmPFC Dyn neurons encode neither locomotion nor the tactile component of
the floor. Instead, these divergent signatures arise only during the conflict phases of the
task, emphasizing that differential activity within vmPFC Dyn neurons only becoes
pronounced after an aversive component (in this case, the torghock pairing) has been
added. The present findings corroborate our previous behavioral results of sShRNA
mediated knockdown of vmPFC Dyn, which found that vmPFC Dyn only regulates reward
see&king after the shocks have been introduced to the task. Moreover, from these data, we
now understand that differential activity within vmPFC Dyn neurons is elicited during the

conflict phase of the PMA task.
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1.3 Knockdown of vmPFC Dyn enhances avoidance in a repeated looming disk task

We next asked how the vmPFC Dyn system regulates other aspects of appreach
avoidance conflict. More specifically, we wished to investigate whether vmPFC Dyn
similarly regulates avoidance when the aversive stimulus is not painful. To probe this, we
employedthe looming disk test, which was designed to simulate the effects of a predator
descending on a rodent. In this test, when the mouse enters the center of an open field box,
a video of an expanding black circle on a white background is displayed above theuse.

In most instances, this causes the mouse to dash to a shelter located against a wall of the
box. Typically, this test presents just a single looming stimulus to the mouse. We opted to
modify the test to enhance its utility in studying motivationalconflict. We reasoned that a
single presentation of an aversive stimulus may not evoke cortical activity. This is
supported by literature examining the cortical processing of other innately aversive stimuli
including predator odors, which has suggested thahe mPFC is not involved in regulating

behavior during brief exposure to innate threats Corcoran and Quirk 2007. We thus
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wondered if merging an innate threat paradigm with an extinctionlike paradigm would

elicit mPFC activity, given that the IL is critical for extinction[Po-Monte et al. 2015.

Repeated Loom Box layout
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To address this, we designed a novel variant of the looming disk test wherein mice
could trigger presentations of the looming stimulus repeatedly over timg¢Figure 19:
Experimental schematic of the looming disk task. ), as opposed to the single exposure
model. To achieve this, we restricted the diet of mice and placed a dish with food in the
center of the field. We recorded the activity of mice for 10 minutes of baseline. After the
baseline period, the looming stimulusvas triggered upon the first entry to the center of the
box. Each looming stimulus was presented for 8 seconds. 90 seconds after the onset of the
looming stimulus, the trigger was reset such that the next entry to the center would initiate
another stimulus presentation. This means that the ability to obtain food was coupled to
the presentation of looming stimuli, and mice could selinitiate a variable number of

looming stimuli depending on their drive to seek food. This simulates a form of
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motivational conflict, because to obtain food, mice must suppreske innate tendency to

flee to the shelter.
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Left panel: Raster of all loom trials triggered. Each row of the raster

corresponds to a single mouse. Within each group, mice are sorted by the

number of looms triggered. Under the raster is &inned histogram showing

the relative frequency of looms triggered (2 minute bins). Right panel: Bar plot

showing total number of loom trials triggered per group. Control mice trigger

significantly more looms than shRNA mice, indicating that vmPFC Dyn

regulates habituation to an innately aversive stimulus.

We injected C57/BI6J mice with viruses encoding either shRNA targeted against
PDyn (shPDyn) or a scrambled control construct (shCtrl). After 3 weeks, we ran the mice
through our task. We predicted that knockdown of Dyn would reduce foedeeking when
the looming stimulus is presented and that this would be reflected in a fewer number of
self-initiated stimulus presentations. We first plotted rasters of the loom onsets throughout
the entire task. While both shCtrl and shPDyn groups contained variability in ghnumber of
looms triggered, the shPDyn mice initiated fewer loom trials than shCtrl micd={gure 20:
vmPFCDyn is critical for suppressing aversion to innate threats. ) (Unpaired t-test,
t=2.186, df=32 p=0.0363), suggesting that vmPFC Dyn is critical for suppressing aversion

to innate threats.
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Left panel Proportion of time in shelter centered around the loom onset for
the first trial only. No difference is observed between groups. Right panel:
Proportion of time in shelter centered around the loom onset for all trials of
the task. Control mice suppresstte drive to return to the shelter after
triggering multiple looms.

We then sought to clarify how the behavior of mice changes in response to the

looming onset. First, we isolated the first looming trial and plotted the proportion of time in

shelter as a time series centered around the loom onset. We observed no difference

between ShCtrl and ShPDyn mice on the first trial (Twaay repeated measures ANOVA,;

Time x Treatment interaction F (44, 1452) = 1.091 p=0.3165; Time main effectF (44,

1452) = 36.22 p<0.0001; Treatment main effectF (1, 33) = 0.01119 p=0.9164), which

replicated what was observed in the singldrial looming test described previously, and

indicates that vmPFC Dyn is not engaged upon initial exposure to an innately aversive

stimulus (Figure 21: vmPFC Dyn suppressesshelter -seeking behavior on late trials,

but not on early trials. ). However, in analyzing the time in shelter centered around the

loom trigger for all loom trials, we noticed that shPDyn mice consistently return to the
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shelter and remain there for an extended period of time relative to shCtrl mice (Twavay
repeated measures ANOVAime x Treatment interaction F (44, 1496) = 0.6989p=0.9328;
Time main effectF (44, 1496) = 16.76p<0.0001; Treatment main effectF (1, 34) = 1.143
p=0.2925). This suggests that vmPFC Dyn becomes engaged after the first loom
presentation and helps suppress the defensive response to the aversive cue.
Next, we wondered how other defensive behaviors changed throughout the task. We
1 AAAT AA OEA EZEOOO pn 1 ET OOAOG T £ OEA OAOGE AO O
i ET OOAO-AMM®DAGCEITAG® 8 7A £ OT A OEAO xEEI A OEOS$UI
similar amounts of time in shelter during Baseline, shPDyn mice spent significantly more
time in the shelter during the Postbaseline period Figure 22: vmPFCDyn suppresses
defensive behaviors in response to an innately aversive stimulus. ). Similarly, both
groups froze at nearly equal levels during Baseline, but shPDyn mice exhibited enhanced
freezing in the Postbaseline period. This again emphasizes that the vmPFC Dyn system

becomes engaged only after an aversive cue is presented. Atmait levels, vmPFC Dyn
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Left panel: Control and shRNA mice freeze at similar levels during
Baseline, while in the Posbaseline period, ShRNA mice exhibit enhanced
freezing.Right panel: Control and shRNA mice spend similar amounts of
time in shelter during Baseline, but in the Posbaseline period, sShRNA
mice spend more time in the shelter.
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works to suppress defensive responses in the face of potentially aversive cues to promote
habituation, but when vmPFC Dyn is downregulated, it produces a behavioral phenotype

indicative of enhanced avoidance.
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1.4 Measuring vmPFC Dyn signaling during a repeated looming disk task

Given that the previous experiment revealed that vmPFC Dyn neurons are engaged
during the looming disk task,we next asked whether Dyn peptide release followed a
similar temporal signature. To address this we applied in vivofiber photometry to monitor
fluorescence of the genetically encoded Dyn sensor kLigHEigure 23: Experimental
schematic, fiber placement, and aggregate U50 responses. ). We stereotactically
injected an AAV encoding kLightnilaterally into the vmPFC ofwild -type C57/Bl6Jmice
and implanted an optical fiber 100 microns above the injection siteMice were allowed 3
weeks to recover. After thiswe ran mice through the repeated looming disk task and
recorded thekLight signal evoked during the taskAfter mice were run in the looming disk
task, | injected mice with the KOR agonist U50. Only mice with detectable kLight signal (>4

Z-scores) upon U50 application, as well as confirmed placement of the optical fiber in

C57/BIl6J mice
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Performance of tethered mice expressing kLight was similar to untethered mice
from previous experiments. Mice triggered approximately 27 trials on averagd=(gure 24
kLight -expressing mice repeatedly trigger loom stimuli  .), similar to previous values.
The mice retreated to the shelter in response to the first loom, but habituated to the
looming stimulus over time, as observed previouslyFigure 25: Tethered mice suppress
shelter -seeking behavior on late trials, but not on early trials. ). Miceexhibited escape
behavior (a retreat to the shelter within 5s of the loom) at relatively low rates. This

emphasizes that tethered kLightexpressing mice perform the task normally.
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Left: Raster of all loom trials triggered. Each row of the raster corresponds to a single
mouse. Right: Total number of loom trials triggered for kLight mice.
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To dissect how vmPFC Dyn is evoked during approacénd avoidancerelated

behaviors in the looming disk taskwe analyzed kLight responses when mice enter and exit

the shelter.We aligned vmPFC kLight to all shelter entries, which capture an avoidance

OA1 AGAA AAEAOGET Oh
AAOAIT ET Ad (FigireR26(Coheker éntki€ and exits are not associated with

differential kLight activity across task phases.

AOOET ¢ OEA AEEOOO pm

associated with differential kLight signal across time (Tweway repeated measures

i ET O0AO

). These two phases of the task were not

ANOVA Time x Epochinteraction F (74, 1406) = 0.4472p>0.9999; Time main effectF (74,

1406) = 4.317,p<0.0001; Epoch main effecf (1, 19) = 0.2794p=0.6032), and the area

under the curve was also similar for these phasedJfpaired t-test, t=-0.5321, df=10,

p=0.6008). After aligning to shelter exits, which capture an approachelated behavior,

vmPFC kLight signal was similarly not associated with differential task phase activity over
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task. Mice suppress the drive to return to the shelter after triggering mulple looms.

Right: Percentage of trials escaped.

time (Two-way repeated measures ANOVAime x Epochinteraction F (74, 1406) = 1.348
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p=0.0287; Time main effectF (74,1406) = 2.931, p<0.0001; Epoch main effec¥ (1, 19) =

O -

1.336, p=0.2620), nor when the area under the curve was computedJnpaired t-test
t=1.1619, df=10, p=0.2598).

Next,we analyzed kLight responses to the first looming disk presentation. Responses
were normalized to the 15 seconds prior to the first looming stimulus. No modulation of
kLight in response to the first looming stimulus was observed, suggesting that Dyn is not

differentially released in the vmPFC in response to the first loonf{gure 27: kLight signal
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in response to looming stimuli. ). Next,we asked whether the kLight signal was
modulated across all looming stimuli presentations of the task. This analysis revealed no

significant modulation of kLight, similarly suggesting that Dyn release may not be evoked
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even across successive looming disk presentations. However, aligning to all trials assumes
similar behavioral profiles, and it is possible thativerse behavioral strategies may be
associated with differential vmPFC Dyn activity.

To test whether vmPFC Dyn tracks divergent behavioral responses in response to
looming stimuli, we analyzed kLightsignal on trials where mice successfully escaped from
the looming stimulus and compared this with the kLight signals on trials where mice did
not escape Figure 28: vmPFC KkLight signal is not associated with differential activity
on escaped or non-escaped trials. ). Here, kLight signal was not enhanced on nen
escaped trials relative to escaped trials (Twavay repeated measures ANOVA; Time x Trial
type interaction F (98, 1078) = 0.1355 p>0.9999; Time main effectF (98, 1078) = 0.3432
p>0.9999; Trial type main effectF (1, 11) = 0.6801 p=0.4271). Comparison of area under

the curve for each trial type similarly yielded no effect Unpaired t-testt=-1.1622, df=1Q
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p=0.2582). Together, this suggests that Dyn within the vmPFC is not differentially recruited

during specific strategies in response to the looming disk onsets. However, it is important
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Left: Time series of kLight signal on escaped and nascaped trials aligned to the

onsets of looming stimuli. Right: Area under the curve for the 20 seconds of kLight
signal following looming onsets for escaped and neascaped trials.

to note that the variance in kLight signal was large, especially for neascaped trials.
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1.5: Recording vmPFC Dyn neurons during a repeated looming disk task

While shRNAmediated knockdown of Dyn in the vmPFC enhanced avoidance
behavior in the repeated looming disk task, the temporal dynamics of Dyn neuronal activity
in response to repeated looming stimuli remains unknown. To identify how vmPFC Dyn
neurons engage dtng the repeated looming disk task, we implementedh vivofiber
photometry. To specifically label Dyn neurons in the vmPFC, we stereotacticailhjected a
Cre-dependent fluorescent calcium sensor jJGCaMP8f unilaterally into the vmPFC of Byn
Cre mice Figure 29: Experimental schematic , GCaMP expression, andfiber placement
in Dyn-Cre mice.). We then implanted a thin optical fiber 100 microns above the injection

site. After 3 weeks of recovery time, we ran mice through the repeated looming disk task
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neuronal activity aligned to shelter entries. Bottom row: Same, but for shelter exits.

To dissect how vmPFC Dyn neurons engage during approaemd avoidancerelated
behaviors in the looming disk task, we analyzed GCaMP responses during shelter entries
and exits. vmPFC GCaMP signal was aligned to all shelter entries, which capture an
avoidanceOAT AOAA AAEAOET Oh AOOET ¢ OEA EEOOO pm 1| EI
i O0-AAOAIT ET A b (FigireBosheker énfki€3 land exits do not modulate
activity of vmPFC Dyn neurons across task phases.). We failed to detect significant

changes in GCaMP signal across time (Tway repeated measures ANOVAime x Epoch



interaction F (74, 1924) =0.9810,p=0.5249; Time main effectF (74, 1924) = 1304,
p=0.0443; Epoch main effecF (1, 26) = 00163, p=0.8994), and the area under the curve
was similar for thesephases (Paired {test, t=01463, df=13, p=08859). Shelter exits, which
capture an approachrelated behavior, likewise were not associated with altered vmPFC
GCaMP signal over time (Twavay repeated measures ANOV.Aime x Epochinteraction F
(74, 1924) = 04985, p>0.9999; Time main effectF (74, 1924) =03156, p>0.9999; Epoch
main effectF (1, 26) = 0.@17,p=0.8399), nor when the area under the curve was
computed (Paired ttest t=0.3256, df=13 p=0.7499.

Next, we analyzed GCaMP responses to the first looming disk presentation. Responses
were normalized to the 15 seconds prior to the first looming stimulus. No significant
modulation of GCaMP in response to the first looming stimulus wadbserved (Oneway
ANOVA Time main effect F(149, 1937) = 1.163, p=0.0936), suggesting tbgn is not
differentially released in the vmPFC in response to the first loonf-{gure 31: vmPFC
GCaMPsignal in response to looming stimuli. ). We then asked whether the GCaMP

signal was modulated across all looming stimuli presentations of the task. This analysis
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revealed no significant modulation of GCaMPROheway ANOVA Time main effect F(149,
1937) =0.4466, p>0.9999), similarly suggesting that Dyn release may not be evoked even
across successive looming disk presentations. However, aligning to all trials assumes
similar behavioral profiles, and it is possible that diverse behavioral strategies may be
associated wth differential vmPFC Dyn activity.

To test whether vmPFC Dyn tracks divergent behavioral responses in response to
looming stimuli, we analyzed GCaMP signal on trials where mice successfully escaped from
the looming stimulus and compared this with the GCaMP signals on trials where mice did
not escape Figure 32: vmPFC GCaMP signal is enhanced during nonescaped trials. ).
Here, GCaMP signal was enhanced on nescaped trials relative to escaped trials (Two
way repeated measures ANOVA,; Time x Trial type interactidn (149, 3725) =0.5694,
p>0.9999; Time main effecF (149, 3725) = 04341, p>0.9999; Trial type main effect (1,
25) =0.1473, p=0.7044). The area under the curve was also similar across escaped and

non-escaped trials (Rired t-test t=-2.3255, df=26 p=0.0369). While the previous shRNA
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experiment indicates that Dyn plays a role in suppressing avoidance, the present results
suggest a more nuanced role along with the possibility that Dyn release is not neatly time
locked to specific features of the looming disk task.

To confirm that our GCaMP sensor and fiber photometry preparation could reliably
detect changes in activity of vmPFC Dyn neurons, we exposed a subset of-Bya mice
(n=5) to three foot shocks in a standard fear conditioning chamber. Shocks were
administered for 2 secondseach with a 60 gcondsinter-shock interval. We found that, in
contrast to the lack of signal during the looming disk task, exposure to foot shocks elicited a
robust increase in GCaMP fluorescence in vmPFC Dyn neuroRg(re 33: vmPFC Dyn
neurons respond to footshock. ). The GCaMP signal increased immediately following
each shock delivery(One-way repeated measures ANOVA; Time main effe€t(120, 480) =
3.868; p<0.000)). Signal levels remained elevated above baseline for several seconds

following each shock before gradually returning to preshock levels. Tis demonstrates
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that our GCaMP sensor and photometry preparation were capable of detecting changes in
activity of vmPFC Dyn neurons, validating the negative findings from the looming disk task.
The shockinduced increase in GCaMP signal eensistent with previous reports of Dyn
neuron activation in the vmPFC and other brain regions following aversive stimu{fiVang

et al. 2024).

1.6: Long-term inhibition of vmPFC Dyn neurons does not regulate approach -or

avoidance -related behaviors on a repeated looming disk task

Given that shRNAmediated downregulation of Dyn enhanced avoidance, and that
vmPFC Dyn neuronal activity is enhanced during nonescaped trialge wondered whether
long-term inhibition of vmPFC Dyn neuronssimilarly affects innate threatdetection and
habituation. To test thiswe injected Dyn-Cre mice with a virus encoding &£re-dependent
inward -rectifying potassium (Kir) channel(AAV-hSynFLEXKir-tdTomato; n=10

experimental mice) (Figure 34: Experimental overview and representative image of

Dyn-Cre mice
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Kir expression in vmPFC. ). This constructsuccessfullyinhibited Cre-expressing vmPFC
neurons as validated by slice electrophysiologyiral efficacy was approximately 65%.
Control animals were injected with a Credependent tdTomato(AAV5CAGFLEX
tdTomato; n=10 control mice). 3 weeks after stereotactic injection, mice were run in the
repeated looming disk task described previouslyWe predicted that long-term suppression
of Dyn neurons in the vmPFC would enhance avoidance behavior, as previously observed
with shRNA-mediated downregulation of Dyn.

Recall that inour looming disk task, mice seklinitiate looming stimuli by entering
the center of the arena to access footh this experiment, long-term suppression of Dyn
neurons in the vmPFGielded no significant effect on the total number of looms triggered
by the mice(Figure 35: Kir -mediated inhibition of vmPFC Dyn neurons does not
promote aversion to innate threats. ) (Unpaired t-test; t=-1.0065, df=18, p=0.3279. This
suggests that the manipulation did not alter the overall motivation to seek food rewards,

despite the potential threat of the looming stimulus.
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To probe other ways in which longterm Dyn neuronal inhibition may impact

avoidance behaviorwe analyzed the time spent in the shelter during the first trialControl
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Left panel: Raster of all loom trials triggered. Each row of the raster corresponds

to a single mouse. Right panel: Bar plot showing total number of loom trials

triggered per group.
and Kir mice exhibited similar shelterseeking behavior in response to the first loom onset
(Figure 36: Kir -mediated inhibition of vmPFC Dyn neurons does not regulate shelter -
seeking behavior following loom onset .) (Two-way repeated measures ANOVAiime X
Treatment interaction F (224, 4032) = 0.4041 p>0.9999; Time main effectF (224, 4032) =
6.721, p<0.0001; Treatment main effectF (1, 18) = 0.02927 p=0.8661). Next,we grouped
all trials for a given mouse together and analyzed the mean shelter response for all mice
Control and Kir mice again displayed similar shelteseeking patterns on average (Two

way repeated measures ANOVA;ime x Treatmentinteraction F (224, 4032) = 1.333

p=0.0009; Time main effectF (224, 4032) = 14.92 p<0.0001; Treatment main effectF (1,
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18) = 1.110Q p=0.3060). Together, these findingsndicate that long-term suppression of
Dyn neurons in the vmPFC does not enhansbelter-seeking behavioras an acute response
to innate threats.

Following this, we asked whether longterm inhibition of vmPFC Dyn neurons

affected escape behaviolWe counted a successful escape as a retreat to the shelter within
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Left panel Proportion of time in shelter centered around the loom onset for the first
trial only. Right panel: Proportion of time in shelter centered around the loom onset

for all trials of the task.
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5s of a loom presentation. Escape behavior in Kir mice did not differ from that of control
animals (Figure 37: Kir-mediated inhibition of vmPFC Dyn neurons does not regulate
escape behavior or food consumption .) (Unpaired t-test; t=1.2684, df=18, p=0.2208).
Wethen quantified the total mass of food consumed, although this also yielded no
significant difference between the two groups (Unpaired-test; t=-1.6362, df=18,
p=0.1182).

We next examinedwhether long-term suppression of Dyn neurons in the vmPFC
affectedthree additional avoidancerelated behaviors during the 10-minute baseline
period compared to the final 50 minutes of the taskFigure 38: Kir-mediated inhibition
of vmPFCDyn neurons does not regulate approach - or avoidance -related behaviors.
). Both groups spent similar percentages of time in the shelter in both phases of the task

(Two-way repeated measures ANOVAiime x Treatmentinteraction F (1, 18) = 2.458
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p=0.1343; Time main effectF (1, 18) = 2.640 p=0.1216; Treatment main effectF (1, 18) =
0.3942, p=0.5380). The percentage of time spent in the center of the box was also similar
between the two groups (Tweway repeated measures ANOVA;ime x Treatment
interaction F (1, 18) = 1.036 p=0.3222; Time main effectF (1, 18) = 0.1139 p=0.7396;
Treatment main effectF (1, 18) = 8.959 p=0.0078). Finally, the percentage of time spent
freezing was not significantly different between the two groups (Tweway repeated
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Kir-mediated inhibition of vmPFC Dyn neurons does not regulate freezing behavior
(left), shelter-seeking behavior (middle), or time in center of the box (right)

measures ANOVAIme x Treatmentinteraction F (1, 18) = 0.2946 p=0.5940; Time main
effectF (1, 18) = 2.68, p<0.0001; Treatment main effectF (1, 18) = 1.178 p=0.2920).
These findings indicate that longterm inhibition of vmPFC Dynneurons did not affect
these other avoidancerelated behaviors.

This experiment aimed to investigatewhether long-term inhibition of vmPFC Dyn
neurons sculptsapproach- or avoidancerelated behaviorsin alooming disk task. Contrary
to my initial prediction, Kir-mediated suppression of Dyn neurons in the vmPFC did not
enhance avoidance behavior, as evidenced by the lack of significant differences in the total
number of looms triggered, time spent in shelter, and freezing behavior between groups.

One possible explanation for these results is that the Kir intervention pkeents the release
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of the inhibitory peptide Dyn as well as other signaling molecules and neurotransmitters

(such as GABA and glutamate) which may act antagonistically to Dyn.

1.7: Acute inhibition of vmPFC Dyn neurons does not regulate approach - or

avoidance -related behaviors on a repeated looming disk task

Because shRNAnediated downregulation of Dyn enhanced avoidance, one would
expect that acuteinhibition of vmPFC Dyn neuronsshould similarly drive an avoidance
phenotype. To test thiswe injected Dyn-FIp mice with a virus encoding aIp-dependent
inhibitory DREADD(Figure 39: Experimental overview and representative image of
DREADDexpression in vmPFC. ) (AAV&hSynfDIO-hM4Di-mCherry, n=14 experimental
mice). Thisapproachinhibit s neurons upon application of CNQViral efficacy was

approximately 74%. Control animals were injected with aFlp-dependentyellow

Dyn-Flp mice
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Left: We applied the same looming disk test model as described previously. Right: Byn
Flp mice were injected with fDIGGFP or fDIGhM4Di-mCherry to acutely inhibit vmPFC
Dyn neurons during the looming disk test.
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fluorescent protein (AAV5EflafDIO-eYFP n=10 control mice). 3 weeks after stereotactic
injection, we ran mice throughthe repeated looming disk task describegbreviously. We
predicted that acute inhibition of vmPFCDyn neurons would enhance avoidance behavior
in the looming disk task asobservedvia shRNAmediated downregulation of Dyn

described previously.
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DREADDmediated inhibition of Dyn neurons in the vmPF@id not affectthe total
number of looms triggered by the micgFigure 40: DREADD mediated inhibition of
vmPFC Dyn neurons does not promote aversion to innate threats. ) (Unpaired t-test;
t=0.3923, df=22, p=0.6986. This suggests that the manipulation did not alter the overall
motivation to seek food rewards, despite the potential threat of the looming stimulus.

To probe other ways in which acute inhibition of vmPFC Dyn neurons may impact

avoidance behaviorwe quantified the time spent in the shelterin response to the
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presentation of the first looming stimulus In response to the first loom onset, control and

hM4Di-expressing mice exhibited similar shelterseeking behavior(Figure 41: DREADD

mediated inhibition of vmPFC Dyn neurons does not regulate shelter -seeking

behavior following loom onset .) (Two-way repeated measures ANOVA; Time x

treatment interaction F (149, 3278) =4.579, p<0.0001; Time effectF (149, 3278) =5.347,

p<0.0001; Treatment effectF (1, 22) =4.097, p=0.0553). Following this,we computed the

mean time in shelter for a given mouse across all looming stimulus presentatiartdere,we
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again observed no difference, as control and hM4#@ixpressing mice displayed similar

shelter-seeking responses (Tweway repeated measureANOVA,; Time x treatment

interaction F (149, 3278) = 1.446 p=0.0004; Time effectF (149, 3278) = 29.19 p<0.0001,

Treatment effectF (1, 22) = 0.8490 p=0.3668). These results suggeghat acute DREADD
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mediated inhibition of vmPFCDyn neurons does nopromote shelter-seeking behaviorin
response to innatethreats.

Escapes (<5s)
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Left: DREADDmediated inhibition of vmPFC Dyn neurons does not
regulate escapes to the shelter that occur within 5s of loom onsets.

Right: DREADDmediated inhibition of vmPFC Dyn neurons does not
modulate consumption of reward over the duration of the tak.

Next, we assessed whether DREADDediated inhibition of vmPFC Dyn neurons
impacted escape behavior in response to looming stimuli. As beforee defined a
successful escape as an entry to the shelter within 5s of the onset of a looming stimulus.
Mice expressing hM4Di escaped at similar rates as control mi¢eigure 42: DREADD
mediated inhibition of vmPFC Dyn neurons does not regulate escape behavior or
food consumption .) (Unpaired t-test; t=-0.7618, df=22 p=0.4543). Wethen investigated
consummatory behavior by analyzing the total masef food that mice ate, and this
presented no significant difference between the two groups (Unpairedtest; t=1.3654,

df=22, p=0.1853).
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DREADDmediated inhibition of vmPFC Dyn neurons does not regulate freezing behavior
(left), shelter-seeking behavior (middle), or time in center of the box (right)

We next examinedwhether hM4Di-mediated inhibition of vmPFCDyn neurons
differentially affectedother avoidancerelated behaviors during the 10 minute baseline
period compared to the final 50 minutes of the taskBoth groups of mice spent nearly equal
percentages of time in the shelter in both phases of the tagkigure 43: DREADD
mediated inhibition of vmPFC Dyn neurons does not regulate approach - or
avoidance -related behaviors. ) (Two-way repeated measures ANOVA Time x treatment
interaction F (1, 22) =0.1516, p=0.7008; Time effectF (1, 22) =9.279, p=0.0059;

Treatment effectF (1, 22) =1.052, p=0.3162). Likewise, the percentage of time spent in the
center of the box did not differ between the two groups (Tweway repeated measures
ANOVA Time x treatment interactiorF (1, 22) =0.0621, p=0.8056; Time effectF (1, 22) =
1.390, p=0.2511; Treatment effectF (1, 22) =0.6071, p=0.4442). Furthermore, the
percentage of time exhibiting feezing behavior was not significanthydifferent between the
two groups (Two-way repeated measures ANOVA; Time x treatment interactida (1, 22) =
4.991, p=0.0360; Time effectF (1, 22) = 60.08 p<0.0001; Treatment effectF (1, 22) =
0.4081, p=0.5295). Together, this indicates that acute inhibition of vmPFC Dyn neurons

does not affect these selected avoidanaelated behaviors.
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This experiment aimed to investigatewhether acute inhibition of vmPFC Dyn
neurons sculptsapproach- or avoidancerelated behaviorsin alooming disk task.However,
my initial prediction was incorrect,as DREADBmediated suppression of Dyn neurons in
the vmPFC did not enhance avoidance behaviacross a slew of metrics. This may be due
to the fact that the DREADBnediated inhibition inhibits not only the release of Dyn, but

also other molecules that may exert opposing effects on the circuit from Dyn.
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1.8: Acute inhibition of broad vmPFC activity does not regulate approach - or

avoidance -related behaviors on a repeated looming disk task

While shRNAmediated downregulation of Dyn invmPFC impairs habituation to a
looming stimulus, it is unclear whether this is specific to the Dyn/KOR system or if it is a
general function of broadervmPFC circuitry. We predicted that because extinction and
habituation processes in other tasks are regulated by thenPFC, inhibition of broader
vmPFC circuitry would impair habituation to a looming stimulus, as we observed in the
previous Dyn shRNA experiment. To inhibivtmPFC neurons, we infused AAVBSyn
mChery (control) or AAV5-hSynhM4Di-mCherry (DREADD) into thermPFC of C57/BI6J
mice and injected them with clozapineN-oxide (CNO; 10mg/kg) 30 minutes prior to

Control hM4Di

ey
TR

Repeated Loom Box layout
Y~ Shelter
..\4——— Trigger zone
Start
| > [~ Food dish
-30 mins 10 mins 50 mins
(CNO10mg/kgip.)  (Baseline) Self-initiated
variable looms
GECOMA (EOOI 1T CcU AT A Aigm ADE AA OGN 0 8

AEOE 80AOQE

Top: Representative injection sites in vmPFC for control mice (left) and
experimental mice (right). Bottom: Schematic of experiment and layout of
apparatus. Mice were injected with CNO 30 minutes prior to the beginning of
the experiment.
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behavioral testing(Figure 44: Histology and experimental design of broad vmPFC in

looming disk task .).
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Left: Rasters and binned distributions of looms triggered for control and
hM4Di-expressing mice. Each row of the raster represents a single mouse.

The step plot of the distributions is binned into 2minute intervals. Right:
Total looms triggered for contrd and hM4Dtiexpressing mice.

We first examinedthe total number of looms triggered for control and DREADD

mice. If normal vmPFC function generally promotes habituation or extinctiodike
processes, then DREADDediated inhibition should reduce the number of seltriggered
looming stimuli. However, © our surprise, hM4Di-expressing miceinitiated similar
numbers of loomsas control mice(Figure 45: hM4Di-mediated acute inhibition of
vmPFCdoes not regulate self -initiation of looming stimuli. ). We also plotted the
cumulative distribution of loom onsets over time, which similarly showed no difference
between groups, suggesting that acute vmPFC inhibition does not impair habituation to

looming stimuli.
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Next, we asked whether inhibition of vmPFC regulated the drive to escape in
response to presentation of a looming stimuli. We aligned our behavioral datasets around
the timepoints at which each looming stimulus was triggered and plotted the proportion of
time in the shelter for both groups. We found that control and hM4DBéxpressing mice
sought shelter at similar times following presentation of the looming stimul{Figure 46:
Acute vmPFCinhibition does not regulate drive to seek shelter following
presentation of looming stimuli. ). Similarly, when we computed the percentage of
successful escapes (returns to shelter within 5s of looming presentation), we found no
difference between groups. A comparison of the cumulative distributions of escapes over
time yielded no effect, and a coarison of proportion of escapes normalized to the
number of trials triggered for each mouse also yielded no effect. Together, this indicates
that acute inhibition of the vmPFC does not affect the drive to seek shelter following

presentation of a looming $imulus.
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Left: Percentage of time freezing at baseline and during the test period
does not differ between control and hM4Diexpressing mice. Middle:
Percentage of time in shelter at baseline and during the test period does
not differ between control and hM4Dtexpressing mice. Right: Mean
distance (m) to the food dish at baseline and during the test period does
not differ between control and hM4Dtexpressing mice.

Finally, we assessed whether acute vmPFC inhibition impacted other key defensive
behaviors in this task. We split our behavioral data into the I@ninute baseline period and
the 50-minute post-baseline period. We first plotted percentage of time freezing.déh
control and hM4Dtexpressing mice showed baseline freezing levels around 1E8%, and
these levels increased to about 25% during the podiaseline period. However, we found
no difference between the two groups, indicating that acute vmPFC inhibition does not
suppress freezing responses to looming stimu(iFigure 47: Acute vmPFC inhibition does
not modulate defensive responses following exposure to looming stimuli. ). Next, we
plotted the mean distance to the food dish. Both groups displayed similar distances from
the food dish, suggesting that acute vmPFC inhibition does not modulate approach in the
presence of looming stimuli. Lastly, we plotted the proportion of the in the shelter, again
finding no difference. Together, this indicates that acute inhibition of the vmPFC does not

regulate a range of defensive behaviors in response to sdtitiated looming stimuli.
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1.9: Discussion

The results from the PMA DyrCre GCaMP experiments provide further insights into
the role of vmPFC Dyn in approacvoidance conflict, complementind E A  pre&idudé O
findings from vmPFCDyn knockdown experiments. Consistent with the observation that
loss of Dyn does not alter rewareseeking in the absence of threat, the activity of vmPFC
Dyn neurons was not associated with rewargeeking behavior under northreatening
conditions. However, following threat exposure and in the presence of motivational
conflict, vmPFC Dyn neuronal activity was enhanced during platform exits (associated with
risk of shock exposure) and reduced during platform entries (associated with safety from
shock). Interestingly, as mice learned the rules of the conflict task, the differences in vmPFC
Dyn signaling during platform entries and exits diminished, likely reflecting a reduction in
perceived conflict. Upon reintroduction of additional conflict through rule changes, the
differences in vmPFC Dyn signaling remerged, further supporting the role of this system
in processing motivational conflict.

Investigating the role of vmPFC Dyn in a modified looming disk task revealed that
loss of Dyn reduces the number of selfitiated looms, suggesting an enhancement of
avoidance behavior. Furthermore, mice with vmPFC Dyn knockdown spent more time in
the shdter following loom exposure, indicating a heightened sensitivity to the aversive
stimulus. Importantly, no baseline differences were observed in approaeavoidance
behaviors such as time spent in the shelter or time in the center of the box near the food,
suggesting that the effects of vmPFC Dyn losgnifest only in response to threat exposure

These findings extend our understanding of vmPFC Dyn's role in regulating avoidance
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behavior beyond the PMA task, demonstrating its involvement in processing innatad
pain-free aversive stimuli.

Fiber photometry recordings of vmPF@Myn neuronal activity and peptide signaling
during the looming disk task provided further evidence for the involvement of this system
in processing aversive stimuli. While no baseline differences were observed, both vmPFC
Dyn neuronal activity and peptidesignaling were enhanced during loom escapes and
reduced during nonescaped trials. The congruence between these two measures
strengthens our confidence in the role of vmPFC Dyn in modulating avoidance behavior.
Moreover, these effects are consistent witthe PMA GCaMP imaging experiments,
suggesting a conserved function of vmPFC Dyn across different approafoidance
paradigms.

To further investigate the specificity of vmPFC Dyn in modulating avoidance
behavior, we employed acute and longerm inhibition of vmPFC Dyn neurons using
DREADD and inwarerectifying potassium (Kir) channel approaches, respectively.
Surprisingly, neither acute nor longterm inhibition of vmPFC Dyn neurons replicated the
effects of vmPFC Dyn peptide knockdown, with no differences observed in multiple
avoidancerelated behaviors. These negative results suggest that the effects of vmPFC Dyn
on avoidance behaior may not be solely mediated by the activity of Dysexpressing
neurons. It is important to note that vmPFC Dyn neurons also gelease other
neurotransmitters such as glutamate and GABA, which would be inhibited in these
experiments but not during the Byn peptide knockdown, potentially explaining the

discrepancy infindings from these distinct experiments
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To investigate whether the effects of vmPFC Dyn on avoidance behavior are specific
to this peptidergic system or a general property of vmPFC function, we acutely inhibited a
broad, nonspecific population of vmPFC neurons using a DREADD approach. Interegtin
this manipulation did not replicate the effects of vmPFC Dyn peptide knockdown, with no
differences observed in multiple avoidanceelated behaviors. These negative results could
be attributed to the "mixed bag" of vmPFC neurons targeted, as nonspécihhibition may
affect antagonistic processes that mask the specific effects of Dyn signaling on avoidance
behavior.

Collectively,theseexperiments provide compelling evidence for the role of vmPFC
Dyn in modulating approachavoidance behavior across different paradigms, including the
PMA task and a modified looming disk task. The activity of vmPFC Dyn neurons and
peptide signaling is dyramically regulated during motivational conflict, with enhanced
activity during avoidance-related behaviors and reduced activity during approachrelated
behaviors. These findings highlight the importance of vmPFC Dyn in processing aveesiv
stimuli and guiding adaptive decisioamaking under threatening conditions. However, it is
important to acknowledge the caveats and limitations othese experiments such as the
potential involvement of other neurotransmitters co-released by vmPFC Dyn neurons and
the need for more specific manipulations to dissect the precise mechanisms underlying
vmPFC Dyn's effects on avoidance behavior. Future studies should aomatdress these
issues by employing techniques such as optogenetifa temporal control, along with
related approaches toselectively manipulateglutamate or GABAelease without affecting
Dyn. Additonal experiments could alsanvestigate the postsynaptictargets of vmPFC Dyn

neurons to disentangle their role in regulatingapproachravoidance behavior. Despite these
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limitations, my findings provide a solid foundation for understanding the role of vmPFC
Dyn in processing aversive stimuli and motivational conflict, paving the way for future

research on the neural circuits underlying adaptive decisiommaking in the face of threat.
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1.10: Methods

PMA protocol

Apparatus Mice were run in a standard fear conditioning assay. Mice were placed in a fear
conditioning box (MED Associates) containing wire bar floors through which a scrambled
footshock could be delivered. The box contained a standard house light that remainedatn
all times except during cue light presentations. One side of the box contained a port that
contained an LED, which was used to signal reward availability. The port was wired with an
IR sensor, and a lever was programmed to be presented wherettR beam was broken.
When the LED in the reward port was active, mice could nosepoke for liquid reward (10%
sucrose for behavioral experiments; vanilla Ensure for photometry experiments). The box
also contained a speaker that was programmed to deliver 3@snes at 3000 Hz. Each tone
co-terminated with a 2s 0.6mA scrambled footshock. Opposite the reward port was a
square (8 cm x 8 cmplexiglass platform that offered protection from the shock.

Reward training: Mice first underwent 5 consecutive days of reward training, during which
a light signaled the availability of a liquid reward. The light was located in the reward port
and remained on for 30s. While the light was active, mice could freely nosepoke to aint
reward. Mice first received a 5 minute baseline period before the first light presentation.
The session lasted 1 hour, and the intetrial interval was 90 seconds.

Variable conflict testing Mice next underwent 10 days of variable conflict testing. Here,
mice were exposed to mixed cues including rewargredictive lights as well as shock
predictive tones. We exposed mice to five different trial types: Light Only (30s light, no
tone) , Light Tone (tone was delivered 15s after light onset), Tongight (light was

delivered 15s after tone onset), Tone Only (no light), and &@resentation (light and tone
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began and ended at the same times). All tones-terminated with a 2 second, 0.6 mA
scrambled footshock. The trial types were mixed to mitigate predictability and promote
conflict. Mice first received a 5 minute baseline period before the first cue presatton.

The session lasted 1 hour, and the intetrial interval varied from 30 seconds to 90 seconds.
High conflict testing:Following variable conflict testing, we challenged mice with 5
consecutive days wherein they were presented exclusively with perfectly overlapping light
tone trials (Co-Presentation trials). Mice received a 5 minute baseline period before the
first compound cue presentation. The session lasted 30 minutes, and the interal interval
varied from 30 seconds to 90 seconds.

Behavioral recordingVideo feed of each apparatus was recorded using Anymaze (Stoelting
Co.). Videos were recorded at 30 frames per second, and Anymaze software was used to
track mouse positions and label bouts of freezing and other ethologically relevant
behaviors.

Data analysisData were analyzed using custom Python scripts. Behavioral features were

aligned to trial onsets using ChronlO (Aim I).

PMA Dyn-Cre photometry

SubjectsAll procedures were approved by the National Institute of Mental Health Animal
Care and Use Committee. Male and female PB@re mice (Jackson Laboratories;-82
weeks old) were used to record from vmPFC Dyn neurons during the PMA task. Prior to
stereotaxicsurgery, mice were anesthetized with a 5mg/kg ketamine/xylazine cocktail
administered via i.p. injection. A small dental drill was used to penetrate the skull for viral

injections. Viruses (300nL) were injected unilaterally into the vmPFC (AP: +1.7 mm, ML
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+0.3 mm, DV:2.9 mm; coordinates relative to top of skull at bregma) at a rate of
100nL/min. Following injection, viruses were allowed to diffuse for 5 minutes before the
syringes were retracted from the injection site. PDy¥Cre mice were injected with AA/8-
hSynFLEX]GCaMP8f (Addgene). Following injection, a small optical fiber (4.1mm; Doric)
was attached to a stereotaxic arm and slowly lowered to 100 microns above the injection
site. The fiber was fixed in place by creating a headcap consisting of Metadaement.

Mice recovered from surgery for a minimum of two weeks prior to behavioral testing.
Photometry recordingsPhotometry recordings were performed using a reatime signal
processor (RZ5P; TuckeiDavis technologies) that controlled an LED driver (Thor Labs). A
405nm LED (modulated at 530 Hz) and 470nm LED (modulated at 211 Hz) were used to
stimulate isosbestic ad signal channels, respectively. Incoming light was routed through a
minicube (Doric). Signals were collected and digitized to 1kHz using the RZ5P processor,
which recorded to an external computer running Synapse software (Tuckddavis
Technologies). Bonsai software was also configured to deliver a TTL pulse via a PulsePal
controller that fed into the RZ5P via a BNC cable, allowing the photometry signal to be
aligned to the task. After the session, the raw photometry data were then eatted using
the Synapse Browser.

Photometry analysisPhotometry signals were first processed in MATLAB using the pMAT
toolkit (Bruno et al. 2021), which returned the dF/F trace for each session. The remaining
analyses were performed using custom Python scripts. ChronlO (Aim I) was used to align

photometry data to specific taskrelevant cues or behavioral events.
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Dyn shRNA loom

SubjectsAll procedures were approved by the National Institute of Mental Health Animal
Care and Use Committee. Male and female C57/BI6J mice (Jackson Laboratorid< 8
weeks old) were used to knockdown Dyn in vmPFC neurons during the repeated looming
disk task. Rior to stereotaxic surgery, mice were anesthetized with a 5mg/kg
ketamine/xylazine cocktail administered via i.p. injection. A small dental drill was used to
penetrate the skull for viral injections. Viruses (300nL) were injected bilaterally inb the
vmPFC (AP: +1.7 mm, ML: £0.3 mm, D¥2:9 mm; coordinates relative to top of skull at
bregma) at a rate of 100nL/min. Following injection, viruses were allowed to diffuse for 5
minutes before the syringes were retracted from the injection site. Expenental C57/BI6J
mice were injected with AAV8hSyn-U6-shPDyn, and control C57/BI6J mice were injected
with AAV8-hSynU6-shScramble. Mice recovered from surgery for a minimum of two

weeks prior to behavioral testing.

Dyn-Cre loom photometry

SubjectsAll procedures were approved by the National Institute of Mental Health Animal
Care and Use Committee. Male and female PB@re mice (Jackson Laboratories;-82
weeks old) were used to record from vmPFC Dyn neurons during the repeated looming
disk task. Pror to stereotaxic surgery, mice were anesthetized with a 5mg/kg
ketamine/xylazine cocktail administered via i.p. injection. A small dental drill was used to
penetrate the skull for viral injections. Viruses (300nL) were injected unilaterally inb the
vmPFC (AP: +1.7 mm, ML: £0.3 mm, D¥:9 mm; coordinates relative to top of skull at

bregma) at a rate of 100nL/min. Following injection, viruses were allowed to diffuse for 5
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minutes before the syringes were retracted from the injection site. PDy@re mice were
injected with AAV8-hSynFLEX|jGCaMP8f (Addgene). Following injection, a small optical
fiber (4.1mm:; Doric) was attached to a stereotaxic arm and slowly lowered to 100 orons
above the injection site. The fiber was fixed in place by creating a headcap consisting of
Metabond cement. Mice recovered from surgery for a minimum of two weeks prior to

behavioral testing.

General mPEFC DREADDmediated inhibition

SubjectsAll procedures were approved by the National Institute of Mental Health Animal
Care and Use Committee. Male and female C57/BI6J mice (Jackson Laboratorids 8
weeks old) were used for acute inhibition of a nonspecific vmPFC neuronal population
during the repeated looming disk task. Prior to stereotaxic surgery, mice were anesthetized
with a 5mg/kg ketamine/xylazine cocktail administered via i.p. injection. A small dental
drill was used to penetrate the skull for viral injections. Viruses (300nL) were injeted
bilaterally into the vmPFC (AP: +1.7 mm, ML: £0.3 mm, D\2.9 mm; coordinates relative to
top of skull at bregma) at a rate of 100nL/min. Following injection, viruses were allowed to
diffuse for 5 minutes before the syringes were retracted from thenjection site.
Experimental C57/BI6J mice were injected with AAV&Syn-hM4Di-eYFP Addgene, and
control C57/BI6J mice were injected with AAVé&hSyneYFP (Addgene). Mice recovered
from surgery for a minimum of two weeks prior to behavioral testing.

Food restriction Mice underwent a mild food restriction procedure prior to behavioral
testing. Two days prior to behavioral testing, the baseline freeeeding weight of each

mouse was recorded, and mice were moved to a fresh cage with no access to food. On the

82



next day, mice were given 1.5¢g of chocolate precision pellets in a small dish, which was left
in the cage overnight until the test day. On test day, mice were not fed prior to testing, but
were returned to a freefeeding schedule following completion of bkavioral testing.
Behavioral testing:Prior to behavioral testing, mice were weighed to confirm efficacy of the
food restriction procedure. 30 minutes prior to behavioral testing, mice were administered
5 mg/kg clozapine-N-oxide (Enzo Life Sciences) via i.p. injection. For behavioral testing,
mice were placed in a large open field box. At the center of the box was a small dish
containing 3 grams of chocolate precision pellets. One corner of the box hosted a small
shelter that the mice could escape to. A large computer monitavas placed flatly on top of
the box so that looming stimuli could be displayed. Topgown videos of the mice were
recorded at 30fps via an infrared camcorder on top of the behavioral box. Bonsai software
was used to stream mice positions using the infrakvideo data, this software also
controlled delivery of looming stimuli. For the first 10 minutes of the task, mice were
allowed to freely explore the box, and no looming stimuli were presented. After 10 minutes,
looming stimulus trains were presented whernthe mice stepped within 5 centimeters of the
food dish. Each stimulus lasted 1 second and was presented 10 times consecutively as part
of the train. A 90 second inteitrial interval was then enforced, allowing mice to freely feed
for up to 90 seconds befee another stimulus train could be triggered. This phase of the
task lasted an additional 50 minutes. After 1 total hour of testing, the task was stopped and
mice were returned to their home cage.

Histology. Before perfusion, mice were anesthetized via i.p. injection of sodium
pentobarbital solution. Mice were then transcardially perfused with chilled phosphate

buffer saline followed by chilled 4% paraformaldehyde. Brains were extracted and stored
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in chilled 4% paraformaldehyde overnight. The following day, brains were transferred to
phosphate buffer saline. Brains were sectioned to 50 microns in phosphate buffer saline on
a vibratome (Leica). Microscope slides were mounted with DARIontaining mounting
solution. The slides were then imaged on a Zeiss Axioscan, and the images were manually
inspected to exclude mice that did not have observable virus expression from further
analysis.

Data analysis Behavioral videos were preprocessed in Anymaze (Stoelting Co.). The
preprocessed behavioral data was then further analyzed using custom Python scripts that
relied largely on the ChronlO package (see Aim I). Statistical testing was performed using

Prism software (GraphPad).

Dyn-Cre Kir

Subjects All procedures were approved by the National Institute of Mental Health Animal
Care and Use Committee. Male and female PB@re mice (812 weeks old) were used for
long-term inhibition of PDyn-expressing neurons during the repeated looming disk task.
Prior to stereotaxic surgery, mice were anesthetized with a 5mg/kg ketamine/xylazine
cocktail administered via i.p. injection. A small dental drill was used to penetrate the skull
for viral injections. Viruses (300nL) were injected bilaterally into the vmPFQAP: +1.7 mm,
ML: £0.3 mm, DV:2.9 mm; coordinates relative to top of skull at bregma) at a rate of
100nL/min. Following injection, viruses were allowed to diffuse for 5 minutes before the
syringes were retracted from the injection site. Experimental Dy¥Cre mice were injected

with AAV-hSynFLEXKir-tdTomato (Addgeng, and control DynCre mice were injected
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with AAV5-CAGFLEXtdTomato (Addgene). Mice recovered from surgery for a minimum of

two weeks prior to behavioral testing.

Dyn-Flp DREADD

Subjects All procedures were approved by the National Institute of Mental Health Animal
Care and Use Committee. Male and female PBEyip mice (812 weeks old) were used for
acute inhibition of PDynexpressing neurons during the repeated looming disk task. Prior
to stereotaxic surgery, mice were anesthetized with a 5mg/kg ketamine/xylazine cocktail
administered via i.p. injection. A small dental drill was used to penetrate the skull for viral
injections. Viruses (300nL) were injected bilaterally into the vnPFC (AP: +1.7 mm, ML.:
+0.3 mm, DV:2.9 mm; coordinates relative to top of skull at bregma) at a rate of
100nL/min. Following injection, viruses were allowed to diffuse for 5 minutes before the
syringes were retracted from the injection site. ExperimentaDyn-FIp mice were injected
with AAV8-hSynfDIO-hM4Di-mCherry (Addgene), and control Dyr-lp mice were injected
with AAV5-EflafDIO-eYFP (Addgene). Mice recovered from surgery for a minimum of two
weeks prior to behavioral testing.

Looming disk kLight experiments

Subjects All procedures were approved by the National Institute of Mental Health Animal
Care and Use Committee. Male and female C57/BI6J mice (Jackson Laboratorids 8
weeks old) were used to record dynamics of Dyn in the mPFC during the repeated looming
disk task. Prior to stereotaxic surgery, mice were anesthetized with a 5mg/kg
ketamine/xylazine cocktail administered via i.p. injection. A small dental drill was used to

penetrate the skull for viral injections. Viruses (300nL) were injected unilateral} into the
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vMPFC (AP: +1.7 mm, ML: £0.3 mm, D¥:9 mm; coordinates relative to top of skull at
bregma) at a rate of 100nL/min. Following injection, viruses were allowed to diffuse for 5
minutes before the syringes were retracted from the injection site. C57/BI6J e were
injected with AAV8-hSyn-kLightl.2c (gift from Lin Tian laboratory at UC Davis). Following
injection, a small optical fiber (4.1mm; Doric) was attached to a stereotaxic arm and slowly
lowered to 100 microns above the injection site. The fiber wasxXed in place by creating a
headcap consisting of Metabond cement. Mice recovered from surgery for a minimum of
two weeks prior to behavioral testing.

Photometry recordingsPhotometry recordings were performed using a reatime signal
processor (RZ5P; TuckeiDavis technologies) that controlled an LED driver (Thor Labs). A
405nm LED (modulated at 530 Hz) and 470nm LED (modulated at 211 Hz) were used to
stimulate isosbestic ad signal channels, respectively. Incoming light was routed through a
minicube (Doric). Signals were collected and digitized to 1kHz using the RZ5P processor,
which recorded to an external computer running Synapse software (Tuckddavis
Technologies). Bonsai software was also configured to deliver a TTL pulse via a PulsePal
controller that fed into the RZ5P via a BNC cable, allowing the photometry signal to be
aligned to the task. After the session, the raw photometry data were then eatted using
the Synapse Browser.

kLight agonist recordings Two days after mice were run in the looming disk task, we
challenged mice with an injection of the KOR agonist U50 in order to confirm detectable
kLight fluctuations in the mPFC. Photometry signals were acquired as described above,
with the exception that AnyMaze software (Stoelting Co.) was used to deliver the TTL

pulse. Mice were run in a standard operant box (Med Associates) and were given 10
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minutes of baseline. Following this, mice were injected with U50 (10mg/kg; i.p.), and
signals were recorded for an additional 20 minutes. No additional behavioral
manipulations were performed.

Photometry analysisPhotometry signals were first processed in MATLAB using the pMAT
toolkit (Bruno et al. 2021), which returned the dF/F trace for each session. The remaining
analyses were performed using custom Python scripts. Chronl@lgapter 3 was used to

align photometry data to specific taskrelevant cues or behavioral events.
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Chapter 2: Establishing vmPFC Dyn as a modulator of threat appraisal

2.1: Introduction

The neuropeptide Dyn and its cognate receptor KOR comprisa important
regulatory system mediating aspect®f reward, aversion, stress responses, and cognition.
Work from our lab (Wang et al. 2024) hasighlighted a role for Dyn in regulating vmPFC
activity and behavior, particularly in threat processing. This previous work demonstrated
the following three points that are critical for the present study. First, it demonstrated that
Dyn neurons in the vmPE are engaged during fear conditioning, as indicated biydreased
activity of PDyn-expressing neurons during the conditioned stimulus (CS) of fear
conditioning. Second, this work found that Dyn peptide is released in the vmPFC during the
CS of fear conditioning, as indicated by increased activity in the Dygengtive sensor
kLight. Finally, this previous work showed a causal role for Dyn in regulating freezing
during fear conditioning procedures, as shRNAnediated knockdown of Dyn in the vmPFC
impaired the ability of mice to freeze selectively during the CS reliae to control mice that
received a scrambled virus. Together, these three findings emphasize that vmPFC Dyn
neurons activate to release Dyn during threat exposure, and that this Dyn is critical for
suppressing threatevoked responses after the acute thraahas subsided.

Given these findings, we sought to understand how Dyn peptide in the vmPFC
sculpts activity within the broader network of vmPFC neurons during threat exposure. To
address this, we implementedn vivo calciumimagingin conjunction with shRNAmediated
knockdown of Dyn.This approach allowed ugo elucidate the temporal dynamics o/mPFC

Dyn neurons and their role in regulating the broader vmPFC network during acute threat
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exposure. Our results provide novel evidence for the importance of this peptidergic circuit

in regulating negative affective states.

2.2: PDyn knockdown constrains range of vmPFC neuronal responses following

threat exposure

We first sought to understand how fear conditioning sculpts the activity of vmPFC neurons.

Given our previous findings that vmPFC Dyn release occurs during threptedictive cues,

and not in innocuous settings, we predicted that Dyn is critical for regularmPFC function

during the conditioned stimulus (CS) of fear conditioning. To investigate this, we used

calcium imaging to compare general vmPFC neuronal activity in mice that were injected

with a short hairpin RNA (shRNA) targeted to PDymRNA(shPDyn mi@) or control mice
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that received a scrambled shRNA construcE{gure 48: Schematic of viral strategy and
GRIN lens implantation, and extraction of neuronal signals. ). To visualize calcium
dynamicsin vivo, all mice were injected with AAV9SynGCaMP7f in the vmPFC and were
implanted with gradient index (GRIN) lenses that were affixed to miniature microscopes
(Inscopix). This approach allowed us to image vmPFC neurons in freely moving mice
during fear conditioning. This work was published inNeuronin 2024 (Wang et al. 2023.

To test the role of vmPFC Dyn in mediating threat detection, we implemented a
Pavlovian fear conditioning paradigm. In our fear conditioning task, mice were presented
with six pairings of a30stone CSco-terminating with a 2s 0.6 mA scrambled footshock US
(Figure 49: Overview of fear conditioning paradigm. ). The first tone was presented

after a 5 minute baseline period, and the subsequent 5 tones were interspersed with

Cued fear conditioning
(with calcium imaging)
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1) o) 30s
4 2s
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footshock
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intertrial intervals (ITIs) ranging from 45s to 75s to mitigate any potential effects of
anticipatory timing of the cue.

To visualize vmPFC neuronal activity during fear conditioningye generated
EAAOI APO T £ OEA 1 Ifdisesdiok it dodtrol ¥r&d EhRDyrEiniceHighie A
50: Visualization of vmPFC activity in control and shPDyn mice. ). Neuronal activity at
baseline was compared by computing the area under the curve for the first 5 minutes of the
task, prior to the first tone presentation. The AUCs of control and shPDyn mice did not
differ at baseline, suggesting that general vmPFC aagty is not altered by knockdown of
PDyn Kolmogorov-Smirnov test D=0.001389, p>0.9999). Previous experiments using this
knockdown model demonstrated that prior to threat exposure, shPDyn and control mice
behave similarly, but after the threat has beemiroduced, the behavior of mice changes.
Thus, we next wanted to evaluate how neuronal activity changes in response to threat

associated epochs of the task.

91



Next, we analyzed neural activity during thdirst trial (Figure 51: Dyn regulates
vmPFC responses to unconditioned stimuli, but not innocuous cues. ) and sorted cells
based on theirz-scoredresponsivity to the shock We noted, qualitatively, that control mice
appear to have a greateproportion of cells that are highly excited or highly inhibited
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during the shock relative to shPDyn mice during both Trial 1 and Trial 6. To test whether

vmPFC neurons from control and shPDyn mice respond differently to auditory cues in

general,we computed the mean activity of each neuron during the first 28 seconds (i.e. the

pre-shock period) of the CQNo effect of expeimental group was observedon responsivity

to the first tone before it acquired predictive value (KolmogorovSmirnov test; D=0.0469
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p=0.3108), suggesting that vmPFC Dyn does not affect how the larger vmPFC population
processesnovel auditory input. Next, we sought to determine if vmPFC Dyn affects vmPFC
activity during the shock period. To test thisywe computed the mean actiity of each

neuron in a 5 second window beginning at the onset of each shock and compared these

responses across groups. Hergje found a significant difference in the distribution of the
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neural activity between shPDyn mice and controlgKolmogorov-Smirnov test; D=0.09809,
p=0.0006). The cumulative distribution revealed constrained vmPFC activitin shPDyn
mice, as neurons from shPDyn mice exhibited both reduced activation and reduced
inhibition during the first shock. Finally, we analyzed the zscored activity during the first
ITI. Again, shPDyn mice displayed reduced activation and reduced inhibition relative to
control mice (Kolmogorov-Smirnov test D=0.1187, p<0.0001). Together, these analyses
suggest that while knockdown of Dyn does not impact vmPFC at baseline or during
innocuous cues, it does alter the activity of neurons both during and immediately after

acute threat exposure.
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Because task information in fear conditioning is relayed across repeated €S
pairings, we asked whether Dyn downregulation affects vmPFC neuronal activity late in
fear conditioning (Figure 52: Dyn sculpts vmPFC responses to conditioned stimuli. ).
Here,we isolated the first 28 seconds of the tone on Trial 6 and again computed the mean

z-score for each neuron in this windowln contrast to exposure to the innocuous tone on
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Trial 1 (Figure 51: Dyn regulates vmPFC responses to unconditioned stimuli, but not
innocuous cues. ), knockdown of PDyn was associated with differential activity during the
tone of Trial 6 (Kolmogorov-Smirnov test D=0.07091; p=0.0290). Significant differences
were present during the shock of Trial 6 as wellnuch like what was observed during Trial
1 (Kolmogorov-Smirnov test D=0.08962 p=0.0023). Activity in the ITI following Trial 6
was also associated with differential vmPFC activity following loss of DyK@¢Imogorov-
Smirnov test D=0.1141; p<0.0001). Taken together, this suggests that vmPFC Dyn is
critical for shaping the activity of the broader vmPFC neuronal population, but only
following threat exposure, andthat loss of vmPFC Dyn compresses the range of neuronal

responses to threats and threafpredictive cues.
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2.3: PDyn knockdown regulates state space of vmPFC network responses following

threat exposure

In a separate analysisye investigated how population activity changed on a mouse
by-mouse basis. To begirwe used principal components analysis (PCA) to project the
neural activity of each mouse throughout the entire session onto a 2D plangigure 53:

The state space of vmPFC neurons shifts during fear conditioning. ). Control mice
tended to have neatly separated clusters, with the separation consistently occurring at the
time of the first shock. This separation is not observed in the shPDyn mice, as the various
epochs of the sessions all show substantial overlap witho consistently discernible

patterns. This led us to suspect that Dyn mediates vmPFC state transitions upon exposure
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In control mice (left), vmPFC dynamics shift rapidly in response
to the first shock, and the vmPFC state space never returns to
baseline activity for the remainder of the task. In shPDyn mice,
this segregation of the vmPFC state space in response to the first
shockis less appreciable

to threats.
To test whether Dyn is critical for state transitions during threat exposureywe first

defined two task-relevant periods. Herewe labeled the first 328 seconds (5 minute true
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AAOGAT ETA C ¢y OAATTAO T &£ OITA 11 40EAI pqQq AO
OEA 1T1T0AO0 T &£ OEA EEOOO OEI AR AQAOEGIrdBMEDYN AT A | £
downregulation constrains vmPFC activity in the presence of threa t.). Wethen

identified the centroids of eachperiod and computed theMahalanobisdistance between

the two centroids. Mahalanobisdistances between the baseline and pogiaseline period

did not differ across groups Unpaired t-test, two tailed; t=1.817; p=0.1027). However, in a

more targeted analysis, we challenged lagistic regressionbased classifierto decode these

two epochs of the taskHere, weinput the labeled PC values at each timepoint inthe
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classifierand challenged it to classify unseen PC values as eiti@@¥ AOAT ET A6 1 O

AAOAIT ET A68 41 1T AOAET A OAIl BEwkdhuffed Beldbedel T £ AAAOD
values in line with a 10fold stratified cross-validation scheme and computed the mean of

these 10 iterations for each mouséd\ote that because roughly twethirds of the task is
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control mice, the classifier exhibited96.6% accuracy, but it broke down for shPDyn mice,

achieving an accuracy of onl$3.7% (Two-way ANOVAData Main EffectF (1, 18) = 53.86
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p<0.0001; shRNA Main Effect, F (1, 18) = 3.19p=0.0906; Bonferroni's Post Hoc tesshCtrl
vs. shPDyn p=0.041% Taken together, this indicateshat Dyn enables the separation of
innocuous or nonthreatening states from defensive states triggered by threats or

stressors.

100



2.4: PDyn knockdown impairs vmPFC network synchrony following threat exposure

In a final analysis of this datasetye assessed how correlated activity within the
vmPFCchanges on a momenby-moment basis throughout fear conditioning. Hereywe
AAEET AA Al OOAT AGAA AAOEOEOU AO OEA DPAEOxEOA
the population vector of each timepoint with that of every other timepoint. In plotting the

correlation matrix for each mouse, we noted that, consistent with whave observed in the

PCAbased approach above, that control mice exhibited high correlated activity following
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the onset of the first shock, whereas shPDyn exhibited lower correlatexttivity (Figure

55: Correlated activity in vmPFC shifts following threat exposure. ). This suggested to

us that Dyn may play a role in regulating the synchrony of the vmPFC during threat

exposure.
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To quantify how these correlations varied throughout the taskwe extracted the
i AAT 0 A AadDtesk-relévént epochs defined below. Firstwe investigated how the

correlated activity varies within each tone, shock, or intetrial interval (ITl) throughout
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Ei DPAEOAA ET OEOs$UT [ EAA OAlI AGEOGA O OE#001 1IE
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the task (Figure 56: Dyn promotes correlated activity within the vmPFC during

threat -predictive cues as well as ITls. ). During early tone periods, the control and
shPDyn mice show similar levels of correlated activity, but in later tones shPDyn mice
exhibit impaired correlated activity (RM two-way ANOVAshRNA Main Effect, F (1, 6) =
6.828, p=0.0400). Correlated activity during the shocks did not differ across groupéRM
two-way ANOVAsShRNA Main Effect, F (1, 6) = 0.332@=0.5855). Interestingly, correlated
activity during the ITI was consistently suppressed in the shPDyn migq&kM two-way
ANOVA shRNA Main Effect, F (16) = 10.82 p=0.0166). Taken in context with the previous
behavioral data from our group, which showed that downregulation of Dyn promotes
freezing during both the CSs and ITls, this may suggest that correlated activity within
vmPFC circuits, which is mediated by Dyn, is imptant for suppressing freezing behavior

during the ITI.
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Next,we asked how reliably the same activity patterns of vmPFC neurons are

evoked across subsequent periods of the same epoch type, as this may suggest that the
ability to repeatedly engage similar circuitry for similar components of a task may be Dyn
dependent.To thisendwe AT | POOAA OEA 1 AAT 0AAOOGI 180 O 1 &£
(or ITI 1) with that of the successive epochs of the same type (i.e. Tone 1 vs all other Tones,
Shock 1 vs all other shocks, etc.F{gure 57: Dyn promotes reactivation of similar
vmPFCensembles during threat exposure. ). In both groups, correlated activity across
successive tones was consistently loyRM two-way ANOVAsShRNA Main Effect, F (1, 6) =
0.1079, p=0.7537), indicating that the neuronal population active during the first tone was
quite different from the population recruited during successive tonesNext, we compared
the population engaged at the first shock across successive shoddgre, controls and
shPDyn mice exhibited similar mean correlation valuesRM two-way ANOVAsShRNA Main
Effect, F (1, 6) = 0.1791p=0.6869), suggesting that vmPFC processing of the shock period

is not impaired with loss of Dyn.Finally, we examinedthe correlation of the activity of the
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first ITI with successivelTls (RM two-way ANOVAsShRNA Main Effect, F (1, 6) =9.971
p=0.0196). Here we again observed a deficih mean correlation values in shPDyn mice,
suggesting that different populations of neurons are engaged outside of the CS and US
periods.

Together, this analysis identifiel a role of vmPFC Dyn in regulating synchrony of
vmPFC networks in response to threats and thregtredictive cues. Thediminished
correlated activity during the CS and ITin shPDyn mice suggestthat Dyn impairs the
ability of vmPFC circuits to suppress threat responses during netihreatening epochs.
These findings complement the behavioral data previously obtained by our lab, which
found a persistent increase in freezing behavior in shPDyn mice in respsmto the CS as
well as during the ITI in an identical fear conditioning task. The present results thus
suggest that vmPFC Dyn may promote the ability to toggle vmPFC networks to a new
configuration upon detection of a threat, primarily by repeatedly activating similar
populations of neurons across successive thregtredictive cues. When Dyn is not present,
asynchronous activity dominates, and the vmPFC cannot reliably toggle to a new network
state. This failure to synchronize and engage the vmPFC network may be the neural
mechanism through which defensive responses such as freezing become dysregulated

during threat exposure.
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2.5: Discussion of results of single -cell calcium imaging following vmPFC Dyn

knockdown

This study comprehensively explored the role ofmPFC Dyrin modulating threat
responses in mice, building upon previous work from our labTheseinvestigations
revealed several key findingghat enhance our understanding of the vmPFC Dyn system in
regulating broader network activity and downstream behavior.

First, we confirmed that Dynis a critical modulator ofneuronal activity in the
vmPFC inresponse toacutethreats and threatpredictive cues This was evident from the
single-cell analysis, which revealededuced activation and inhibition invmPFCneurons of
shPDyn mice These results suggested that Dyn regulates the dynamic range of the vmPFC,
and that constraints on this dynamic range may exacerbate the perceived magnitude or
immediacy of the threat. This finding builds upon broad literature that highljhts the role of
vmPFC in suppressing responses to threats and highlights a crucial rolelfn in shaping
neuronal responses duringthreat conditioning.

Second, these findings revealethat Dyn is essential for facilitating state transitions
in the vmPFC upon exposure to threats. The reduced classifier accuracy in shPDyn mice
underscores Dyn's role in promoting a wider state space of neuronal activity and
differentiating non-threatening states from defensive stateResults suggest that by
promoting the separation of these states, vmPFC Dyn enhances the ability of mice to
properly suppress fear responses after the immediate threat has subsided.

Finally, this analysis discovered that Dyn regulates the synchrony of the vmPFC
during threat exposure.Knockdown of Dyn impairedcorrelated activity in the broader

vmPFC network suggestinga critical role of Dyn in synchronizing vmPFC circuits, thus
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influencing freezing behavior and the ability of the vmPFC to suppress threat responses
during non-threatening epochs.This finding is especially interesting given the previous
results of members of our laboratory, which demonstrate that knockdown of vmPFC Dyn
enhances expression of fear during ITls of a Pavlovian threat conditioning task.

In conclusion,this study underscores the critical role of Dyn in the vmPFC in
modulating neuronal and behavioral responses to threats. The absence of Dyn leads to
asynchronous activity and an inability of the vmPFC to transition effectively between
different network states. These findings provide a deeper understanding of how vmPFC
Dyn impacts defensive responses and neuronal synchrony in threat processing,
contributing significantly to our knowledge of the neural mechanisms underlying fear and

threat response regulation.
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2.6: Investigating the Dyn/KOR system within the vmPFC -BLA pathway as a

candidate mediator of threat responses

While Dyn- and KORexpressing neurons are known to project to the BLA, the
relative abundances of these populations, as well as their spatial distributions, have thus
far been undescribed. Thus, we sought to characterize these properties to shed light be t
anatomy of this projection pathway. To address this, we injected red retrobeads into the
BLA of wild-type C57/BI6J mice. 1 week later, mice were sacrificed and mPFC sections
were processed via RNAscope to label PDyn and OPRK1 mRNA transcripts.

Analysis of confocal images revealed that PDyn and OPRKZ1 populations are largely

non-overlapping (Figure 58: BLA-projecting vmPFC Dyn and OPRK1 neurons are
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spatially segregated. ). Neurons expressing PDyn comprise about one quarter of the total
vmPFC projections to the BLA, with OPRKéxpressing neurons contributing another 12%.
PDyn and OPRKZ1 populations aralso spatially segregatedMost PDyn neurons reside in
superficial cortical layers, primarily in layer 2/3, while OPRK1 neurons arenostly located
in deeper layers such asayer 5.

The layerspecificity of PDyn and OPRK1 populations in the vmPH@s several
potential implications for the function of the vmPFGEBLA circuit and its modulation by the
dynorphin/kappa opioid system. The dynorphin released by these neurons could modulate
the activity of postsynaptic targets in the BLA, influencing the processing of emotional and
motivational information. Moreover, the presence of PDyn neurons in layer 2/3 implies
that dynorphin releasein the BLA may be influenced by toflown control from higher-
order cortical areas, as layer 2/3 receives feedback projections from these regioftsarris
and Shepherd 2015)The spatial segregation of PDyn and OPRK1 populations also raises
the possibility of distinct functional roles for these two neuronal populations within the
vMPFGBLA circuit. PDyn neurons in layer 2/3 may be more involved in integrating
emotionally relevant information from different cortical areas and providing processed
input to the BLA.Additionally, given that layer 2/3 exhibits a high degree of plasticity, the
abundanceof PDyn neuronshere suggests that theDyn/KOR system may be involved in
experiencedependent modifications of vmPFEBLA connectivity. In contrast, OPRK1
neurons in layer 5 may be more concerned with modulating the output of the vmPFC based
on emotional and motivational states, influencing downstreansubcortical targets.

In conclusion, thedistribution of PDyn and OPRK1 populations in the vmPFC

provides a framework for understanding the complex modulatory effects of thByn/KOR
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system on the vmPF&BLA circuit. Further research is needed to elucidate the specific
functional roles of these neuronal populations and their implications for emotional
processing, motivation, and behaviorln the following experiments, we focused on the
PDyn-expressing vmPFEBLA projection neurons to clarify their role in regulating

approach-avoidance conflict.
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2.7: Deletion of Dyn from BLA -projecting vmPFC neurons does not regulate conflict

resolution in the PMA task

Previous work from our lab has shown that the largest output of vmPFC Dyn
neurons is the basolateral amygdala (BLA), an area critical for various learning and
emotional processes including associative learning and valence assignment. We thus
sought to understand how Dyn arising from vmPFC projections to the BLA regulate

approach-avoidance conflict resolution. To delete Dyn specifically from BL-projecting
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vmPFC neurons, we injected the BLA of C57/BI6J mice with a retrograde CBké alongside
either a control saline injection or an AAVE-LEXsgPDynrsaCas9 into the vmPFC. We
tested mice using PMA procedures as previously detailed. Briefly, mice were run tlugh 5
days of reward learning, followed by 10 days of variable conflict and an additional 5 days of
high conflict, during which only cepresentations of reward-predictive light cues and

shock-predictive tone cues perfectly overlapped.
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