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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 between approach 
and avoidance behaviors, known as approach-avoidance 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 thought 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. However, the 
specific role of the vmPFC Dyn system in encoding threat-related information and shaping 
behavioral responses remains largely unexplored. To address this, we employed a multi-
faceted approach, utilizing fiber photometry, calcium imaging, shRNA-mediated 
knockdown, and DREADD-mediated inhibition to investigate the vmPFC Dyn system in 
various threat-related paradigms. These included the platform-mediated avoidance (PMA) 
task, which assesses approach-avoidance conflict; the repeated looming disk test, a pain-
free model of innate fear suppression; and standard fear conditioning, a well-established 
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, shRNA-mediated downregulation of Dyn in the vmPFC led to 
enhanced avoidance in the repeated looming disk test, indicating that Dyn is necessary for 
suppressing avoidance in this context. Calcium imaging of the pan-neuronal 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 processing. Taken together, our results highlight a 
specific role for the vmPFC Dyn system in toggling threat-driven behavioral responses, 
particularly in the context of approach-avoidance 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 circuitry. Moreover, our 
findings contribute to a deeper understanding of how distinct cell types within the vmPFC 
encode threat-related features to promote or suppress avoidance behaviors, shedding light 
on the neural mechanisms underlying adaptive responses to environmental challenges. 
 

 



i 

 

Table of Contents  
List of Figures ........................................................................................................................................................ iv 

Acknowledgments ................................................................................................................................................ x 

Introduction: Circuits and systems involved in threat detection and appraisal .......................... 1 

Chapter 1: Understanding the role of vmPFC Dyn signaling in approach-avoidance conflict

 ................................................................................................................................................................................... 22 

1.1: Introduction ............................................................................................................................................ 22 

1.2: vmPFC Dyn neurons are recruited during motivational conflict ....................................... 27 

1.3 Knockdown of vmPFC Dyn enhances avoidance in a repeated looming disk task ....... 40 

1.4 Measuring vmPFC Dyn signaling during a repeated looming disk task ........................... 46 

1.5: Recording vmPFC Dyn neurons during a repeated looming disk task ............................ 52 

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

avoidance-related behaviors on a repeated looming disk task ................................................... 57 

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

related behaviors on a repeated looming disk task ......................................................................... 63 

1.8: Acute inhibition of broad vmPFC activity does not regulate approach- or avoidance-

related behaviors on a repeated looming disk task ......................................................................... 69 

1.9: Discussion ................................................................................................................................................ 74 

1.10: Methods ................................................................................................................................................. 78 

Chapter 2: Establishing vmPFC Dyn as a modulator of threat appraisal ..................................... 88 

2.1: Introduction ............................................................................................................................................ 88 

2.2: PDyn knockdown constrains range of vmPFC neuronal responses following threat 

exposure ........................................................................................................................................................... 89 



ii  

 

2.3: PDyn knockdown regulates state space of vmPFC network responses following 

threat exposure .............................................................................................................................................. 97 

2.4: PDyn knockdown impairs vmPFC network synchrony following threat exposure .. 101 

2.5: Discussion of results of single-cell calcium imaging following vmPFC Dyn knockdown

 ............................................................................................................................................................................ 105 

2.6: Investigating the Dyn/KOR system within the vmPFC-BLA pathway as a candidate 

mediator of threat responses ................................................................................................................. 107 

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

resolution in the PMA task....................................................................................................................... 110 

2.8: Deletion of Dyn from BLA-projecting vmPFC neurons does not regulate conflict 

resolution in the repeated looming disk task ................................................................................... 117 

2.9: Using HCR to evaluate efficacy of CRISPR-mediated deletion of Dyn ............................ 122 

2.10: Methods ............................................................................................................................................... 124 

Chapter 3: Developing a data management and analysis toolkit for functional and 

behavioral datasets in neuroscience ........................................................................................................ 131 

3.1: Introduction .......................................................................................................................................... 131 

3.2: Organization of the toolkit .............................................................................................................. 133 

3.3: Utility in data processing ................................................................................................................. 137 

3.4: General workflow of the toolkit .................................................................................................... 139 

3.5: Error Handling and Logging ........................................................................................................... 141 

3.6: Discussion on applications of the toolkit ................................................................................... 142 

3.7: Future Directions and Extensibility ............................................................................................. 144 



iii  

 

Final Conclusions ............................................................................................................................................. 146 

References .......................................................................................................................................................... 148 

Appendix A: Identifying a role of the neuropeptide somatostatin within the prefrontal 

cortex in regulating threat responses ...................................................................................................... 161 

Introduction  .................................................................................................................................................. 161 

Results ............................................................................................................................................................. 163 

Discussion ...................................................................................................................................................... 167 

Methods........................................................................................................................................................... 170 

Appendix A References ............................................................................................................................. 173 

 

  



iv 

 

List of Figures  

Figure 1: The threat imminence continuum in rodents. ........................................................................ 1 

Figure 2: Comparison of regions of human and mouse brain involved in threat processing. 5 

Figure 3: Threat detection and appraisal circuitry of the mammalian brain. ............................... 8 

Figure 4: Opposing roles of PL and IL in expression and extinction of learned fear. .............. 10 

Figure 5: KOR-expressing neurons are embedded within limbic circuits of the rodent brain.

 ................................................................................................................................................................................... 15 

Figure 6: Apparatus schematic and experimental overview. ........................................................... 22 

Figure 7: Knockdown of Dyn does not regulate reward learning. .................................................. 23 

Figure 8: Knockdown of Dyn enhances avoidance following shock exposure. .......................... 24 

Figure 9: Knockdown of vmPFC Dyn blocks behavioral adaptation to rule changes in the 

PMA task. ............................................................................................................................................................... 26 

Figure 10: Experimental apparatus and histology of fiber photometry in Dyn-Cre mice. .... 27 

Figure 11: vmPFC Dyn neurons are not engaged during reward training. ................................. 28 

Figure 12: Motivational conflict promotes vmPFC Dyn neuronal activity during reward 

cues. ......................................................................................................................................................................... 29 

Figure 13: Motivational conflict promotes vmPFC Dyn neuronal activity in response to 

threats. ................................................................................................................................................................... 31 

Figure 14: Motivational conflict does not regulate vmPFC Dyn neuronal activity during co-

presentation trials. ............................................................................................................................................ 31 

Figure 15: Shifting task demands via high conflict procedures regulates vmPFC Dyn 

neuronal activity. ............................................................................................................................................... 33 



v 

 

Figure 16: Platform mounts and dismounts elicit similar activity in vmPFC Dyn neurons 

during reward training. ................................................................................................................................... 35 

Figure 17: Platform mounts and dismounts are associated with vmPFC Dyn neuronal 

activity during variable conflict.................................................................................................................... 36 

Figure 18: Platform mounts and dismounts are associated with differential vmPFC Dyn 

neuronal activity during high conflict. ....................................................................................................... 38 

Figure 19: Experimental schematic of the looming disk task. .......................................................... 41 

Figure 20: vmPFC Dyn is critical for suppressing aversion to innate threats. ........................... 42 

Figure 21: vmPFC Dyn suppresses shelter-seeking behavior on late trials, but not on early 

trials. ....................................................................................................................................................................... 43 

Figure 22: vmPFC Dyn suppresses defensive behaviors in response to an innately aversive 

stimulus. ................................................................................................................................................................ 44 

Figure 23: Experimental schematic, fiber placement, and aggregate U50 responses. ............ 46 

Figure 24: kLight-expressing mice repeatedly trigger loom stimuli. ............................................ 47 

Figure 25: Tethered mice suppress shelter-seeking behavior on late trials, but not on early 

trials. ....................................................................................................................................................................... 48 

Figure 26: Shelter entries and exits are not associated with differential kLight activity 

across task phases. ............................................................................................................................................ 49 

Figure 27: kLight signal in response to looming stimuli. ................................................................... 50 

Figure 28: vmPFC kLight signal is not associated with differential activity on escaped or 

non-escaped trials.............................................................................................................................................. 51 

Figure 29: Experimental schematic, GCaMP expression, and fiber placement in Dyn-Cre 

mice. ........................................................................................................................................................................ 52 



vi 

 

Figure 30: Shelter entries and exits do not modulate activity of vmPFC Dyn neurons across 

task phases. .......................................................................................................................................................... 53 

Figure 31: vmPFC GCaMP signal in response to looming stimuli. ................................................... 54 

Figure 32: vmPFC GCaMP signal is enhanced during non-escaped trials. ................................... 55 

Figure 33: vmPFC Dyn neurons respond to footshock. ....................................................................... 56 

Figure 34: Experimental overview and representative image of Kir expression in vmPFC. 57 

Figure 35: Kir-mediated inhibition of vmPFC Dyn neurons does not promote aversion to 

innate threats....................................................................................................................................................... 59 

Figure 36: Kir-mediated inhibition of vmPFC Dyn neurons does not regulate shelter-

seeking behavior following loom onset. .................................................................................................... 60 

Figure 37: Kir-mediated inhibition of vmPFC Dyn neurons does not regulate escape 

behavior or food consumption. .................................................................................................................... 61 

Figure 38: Kir-mediated inhibition of vmPFC Dyn neurons does not regulate approach- or 

avoidance-related behaviors. ........................................................................................................................ 62 

Figure 39: Experimental overview and representative image of DREADD expression in 

vmPFC. .................................................................................................................................................................... 63 

Figure 40: DREADD-mediated inhibition of vmPFC Dyn neurons does not promote aversion 

to innate threats. ................................................................................................................................................ 64 

Figure 41: DREADD-mediated inhibition of vmPFC Dyn neurons does not regulate shelter-

seeking behavior following loom onset. .................................................................................................... 65 

Figure 42: DREADD-mediated inhibition of vmPFC Dyn neurons does not regulate escape 

behavior or food consumption. .................................................................................................................... 66 



vii  

 

Figure 43: DREADD-mediated inhibition of vmPFC Dyn neurons does not regulate 

approach- or avoidance-related behaviors. ............................................................................................. 67 

Figure 44: Histology and experimental design of broad vmPFC in looming disk task. .......... 69 

Figure 45: hM4Di-mediated acute inhibition of vmPFC does not regulate self-initiation of 

looming stimuli. .................................................................................................................................................. 70 

Figure 46: Acute vmPFC inhibition does not regulate drive to seek shelter following 

presentation of looming stimuli. .................................................................................................................. 71 

Figure 47: Acute vmPFC inhibition does not modulate defensive responses following 

exposure to looming stimuli. ......................................................................................................................... 72 

Figure 48: Schematic of viral strategy and GRIN lens implantation, and extraction of 

neuronal signals. ................................................................................................................................................ 89 

Figure 49: Overview of fear conditioning paradigm. ........................................................................... 90 

Figure 50: Visualization of vmPFC activity in control and shPDyn mice. .................................... 92 

Figure 51: Dyn regulates vmPFC responses to unconditioned stimuli, but not innocuous 

cues. ......................................................................................................................................................................... 93 

Figure 52: Dyn sculpts vmPFC responses to conditioned stimuli. .................................................. 95 

Figure 53: The state space of vmPFC neurons shifts during fear conditioning. ........................ 97 

Figure 54: Dyn downregulation constrains vmPFC activity in the presence of threat. .......... 99 

Figure 55: Correlated activity in vmPFC shifts following threat exposure. .............................. 101 

Figure 56: Dyn promotes correlated activity within the vmPFC during threat-predictive 

cues as well as ITIs. ......................................................................................................................................... 102 

Figure 57: Dyn promotes reactivation of similar vmPFC ensembles during threat exposure.

 ................................................................................................................................................................................. 103 



viii  

 

Figure 58: BLA-projecting vmPFC Dyn and OPRK1 neurons are spatially segregated. ....... 107 

Figure 59: Deletion of PDyn in the vmPFC-BLA pathway does not affect reward learning.

 ................................................................................................................................................................................. 110 

Figure 60: Deletion of PDyn in vmPFC-BLA pathway has minimal effects on conflict 

resolution early in variable conflict training. ........................................................................................ 112 

Figure 61: Deletion of PDyn in the vmPFC-BLA pathway does not affect conflict resolution 

late in variable conflict training. ................................................................................................................ 114 

Figure 62: Deletion of PDyn in the vmPFC-BLA pathway does not affect conflict resolution 

in response to task structure changes. .................................................................................................... 115 

Figure 63: Experimental overview and representative image of tdTomato expression in 

vmPFC. .................................................................................................................................................................. 117 

Figure 64: Deletion of Dyn from vmPFC-BLA neurons does not regulate escape behavior or 

food consumption. ........................................................................................................................................... 118 

Figure 65: Deletion of Dyn from vmPFC-BLA neurons does not regulate shelter-seeking 

behavior following loom onset. .................................................................................................................. 119 

Figure 66: Deletion of Dyn from vmPFC-BLA neurons does not regulate approach- or 

avoidance-related behaviors. ...................................................................................................................... 120 

Figure 67: In situ hybridization via HCR reveals Cre-independent labeling of Cas9. ............ 122 

Figure 68: Modules of ChronIO. .................................................................................................................. 132 

Figure 69: ChronIO Structures hold metadata and data. .................................................................. 134 

Figure 70: Sample behavioral time series dataset. ............................................................................. 135 

Figure 71: ChronIO extracts trial-related information. ..................................................................... 136 

Figure 72: Standard ChronIO workflow. ................................................................................................. 139 



ix 

 

Figure 73: Habituation to innocuous cues is not associated with differential correlated 

activity across WT and SST-LoxP mice. ................................................................................................... 163 

Figure 74: Loss of dmPFC SST reduces correlated activity in dmPFC networks during threat 

discrimination training.  ................................................................................................................................. 164 

Figure 75: Loss of dmPFC SST bidirectionally regulates correlated activity in dmPFC 

networks during recall of fear discrimination. ..................................................................................... 166 

 

  



x 

 

 

Acknowledgments  

&ÉÒÓÔ ÁÎÄ ÆÏÒÅÍÏÓÔȟ ) ×ÏÕÌÄ ÌÉËÅ ÔÏ ÔÈÁÎË ÍÙ ÁÄÖÉÓÏÒȟ $ÒȢ (ÕÇÏ 4ÅÊÅÄÁȟ ÆÏÒ ÁÌÌ ÏÆ ÈÉÓ 
ÓÕÐÐÏÒÔ ÁÎÄ ÒÅÓÅÁÒÃÈ ÔÒÁÉÎÉÎÇȢ ) ÔÒÕÌÙ ÁÐÐÒÅÃÉÁÔÅ ÁÎÄ ÈÁÖÅ ÂÅÎÅПÉÔÔÅÄ ÉÍÍÅÎÓÅÌÙ ÁÓ Á 
ÓÃÉÅÎÔÉÓÔ ÆÒÏÍ ÈÉÓ ÇÕÉÄÁÎÃÅȢ (ÉÓ ÍÅÎÔÏÒÓÈÉÐ ÁÎÄ ×ÉÓÄÏÍ ÍÁÄÅ ÍÅ Á ÓÔÒÏÎÇÅÒ ÓÃÉÅÎÔÉÓÔȟ ÁÎÄ ) 
ÔÈÁÎË ÈÉÍ ÆÏÒ ÈÅÌÐÉÎÇ ÔÏ ÔÕÒÎ ÍÙ ÄÏÃÔÏÒÁÌ ÅØÐÅÒÉÅÎÃÅ ÉÎÔÏ Á ÍÅÍÏÒÁÂÌÅ ÓÕÃÃÅÓÓ ÓÔÏÒÙȢ 

) ×ÏÕÌÄ ÁÌÓÏ ÌÉËÅ ÔÏ ÔÈÁÎË ÔÈÅ ÍÅÍÂÅÒÓ ÏÆ ÍÙ ÔÈÅÓÉÓ ÁÎÄ ÄÅÆÅÎÓÅ ÃÏÍÍÉÔÔÅÅÓȡ $ÒȢ 
3ÔÕÁÒÔ &ÉÒÅÓÔÅÉÎȟ $ÒȢ -ÁÒÉÁ 4ÏÓÃÈÅÓȟ $ÒȢ 9ÁÒÉÍÁÒ #ÁÒÒÁÓÑÕÉÌÌÏȟ ÁÎÄ $ÒȢ )ÓÈÍÁÉÌ !ÂÄÕÓȤ3ÁÂÏÏÒȢ 
4ÈÅÉÒ ÓÕÐÐÏÒÔ ÈÁÓ ÂÅÅÎ ÉÎÓÔÒÕÍÅÎÔÁÌ ÉÎ ÍÙ ÓÃÉÅÎÔÉПÉÃ ÇÒÏ×ÔÈȢ 

.ÅØÔȟ ) ×ÏÕÌÄ ÌÉËÅ ÔÏ ÔÈÁÎË ÔÈÅ ÌÁÂ ÍÅÍÂÅÒÓ ÏÆ 5.3)ȟ ÐÁÒÔÉÃÕÌÁÒÌÙ $ÒȢ (ÅÃÔÏÒ "ÒÁÖÏȟ 
$ÒȢ (ÕÉËÕÎ 7ÁÎÇȟ ÁÎÄ $ÒȢ (ÅÃÔÏÒ 9ÁÒÕÒȟ ÆÏÒ ÔÈÅÉÒ ÉÎÓÉÇÈÔȟ ÆÅÅÄÂÁÃËȟ ÁÎÄ ÔÒÁÉÎÉÎÇȢ %ÖÅÒÙÏÎÅ ÉÎ 
5.3) ÍÁËÅÓ ÔÈÅ ÌÁÂ ÆÅÅÌ ÌÉËÅ Á ÆÁÍÉÌÙȟ ÁÎÄ ) ×ÉÌÌ ÆÏÒÅÖÅÒ ÒÅÍÅÍÂÅÒ ÔÈÅÉÒ ÃÁÍÁÒÁÄÅÒÉÅȢ  

) ×ÏÕÌÄ ÌÉËÅ ÔÏ ÅØÐÒÅÓÓ ÍÙ ÉÍÍÅÎÓÅ ÇÒÁÔÉÔÕÄÅ ÔÏ $ÒȢ (ÁÒÍÅÎ "ÕÓÓÅÍÁËÅÒȟ ×ÈÏ ×ÁÓ 
#ÈÁÉÒ ÏÆ ÔÈÅ $ÅÐÁÒÔÍÅÎÔ ÁÔ ÔÈÅ ÔÉÍÅȟ ÁÎÄ '3!3 ÁÄÍÉÎÉÓÔÒÁÔÏÒÓ ÉÎÃÌÕÄÉÎÇ 2ÉÃÈÁÒÄ 3ÌÕÓÁÒÃÚÙËȟ 
ÆÏÒ ÔÈÅÉÒ ÁÐÐÒÏÖÁÌ ÁÎÄ ÆÁÃÉÌÉÔÁÔÉÏÎ ÍÙ ÅØÔÅÒÎÁÌ ÆÅÌÌÏ×ÓÈÉÐ ÁÔ ÔÈÅ .)(Ȣ ) ×ÏÕÌÄ ÁÌÓÏ ÌÉËÅ ÔÏ 
ÔÈÁÎË ÔÈÅ ÐÁÓÔ ÁÎÄ ÐÒÅÓÅÎÔ $ÉÒÅÃÔÏÒÓ ÏÆ 'ÒÁÄÕÁÔÅ 3ÔÕÄÙȟ $ÒȢ )ÖÁ 'ÒÅÅÎ×ÁÌÄȟ $ÒȢ 2ÏÎ 0ÒÙ×ÅÓȟ 
$ÒȢ *ÏÈÎ (ÕÎÔȟ $ÒȢ 3ÏÎÇÔÁÏ *ÉÁȟ ×ÈÏ ÈÁÖÅ ÈÅÌÐÅÄ ÍÅ ÏÖÅÒ ÔÈÅ ÙÅÁÒÓȢ ) ÁÌÓÏ ÔÈÁÎË 3ÁÒÁÈ +ÉÍ 
&ÅÉÎ ÆÏÒ ÈÅÒ ÈÅÌÐ ×ÉÔÈ ÖÁÒÉÏÕÓ ÄÅÐÁÒÔÍÅÎÔÁÌ ÍÁÔÔÅÒÓ ÔÈÒÏÕÇÈÏÕÔ ÍÙ ÔÉÍÅ ÁÔ #ÏÌÕÍÂÉÁȢ 

4ÈÉÓ ×ÏÒË ×ÏÕÌÄ ÎÅÖÅÒ ÈÁÖÅ ÂÅÅÎ ÐÏÓÓÉÂÌÅ ×ÉÔÈÏÕÔ ÔÈÅ ÐÅÏÐÌÅ ÔÈÁÔ ÈÅÌÐÅÄ ÍÅ ÐÒÉÏÒ 
ÔÏ ÇÒÁÄ ÓÃÈÏÏÌȢ 4ÈÅ ÓÔÏÒÙ ÂÅÇÉÎÓ ×ÉÔÈ $ÒȢ #ÈÉÐ 0ÉÃËÅÎÓȟ ×ÈÏ ×ÁÓ ËÉÎÄ ÅÎÏÕÇÈ ÎÏÔ ÏÎÌÙ ÔÏ ÌÅÔ 
Á ÓÔÒÕÇÇÌÉÎÇ ÆÏÏÌ ×ÉÔÈ Á ÓÕÂȤσȢπ '0! ɉÍÅɊ ÓÔÁÒÔ ÖÏÌÕÎÔÅÅÒÉÎÇ ÉÎ ÈÉÓ ÌÁÂ ÁÔ +ÁÎÓÁÓ 3ÔÁÔÅ 
5ÎÉÖÅÒÓÉÔÙȟ ÂÕÔ ÁÌÓÏ ÔÏ ÃÏÎÔÉÎÕÅ ÔÏ ÓÕÐÐÏÒÔ ÍÅ ×ÉÔÈ ÒÅÃÏÍÍÅÎÄÁÔÉÏÎ ÌÅÔÔÅÒÓ ÏÖÅÒ ÔÈÅ ÙÅÁÒÓȢ 
.ÅØÔȟ ) ×ÏÕÌÄ ÌÉËÅ ÔÏ ÔÈÁÎË $ÒȢ !ÎÄÒÅ× (ÏÌÍÅÓ ÆÏÒ ÈÉÓ ÍÅÎÔÏÒÓÈÉÐ ÄÕÒÉÎÇ ÍÙ ÐÏÓÔȤ
ÂÁÃÃÁÌÁÕÒÅÁÔÅ ÒÅÓÅÁÒÃÈ ÅØÐÅÒÉÅÎÃÅ ÁÔ .)!!!ȟ ÆÏÒ ÈÉÓ ÃÏÎÔÉÎÕÅÄ ÓÕÐÐÏÒÔ ÄÕÒÉÎÇ ÍÙ ÇÒÁÄÕÁÔÅ 
ÓÃÈÏÏÌ ÅØÐÅÒÉÅÎÃÅȟ ÁÎÄ ÆÏÒ ÔÈÅ ÐÌÁÙÌÉÓÔ ÍÁÔÅÒÉÁÌ ) ÒÅÃÅÉÖÅ ÖÉÁ ÅÍÁÉÌȢ ) ×ÏÕÌÄ ÁÌÓÏ ÌÉËÅ ÔÏ ÔÈÁÎË 
$ÒȢ /ÌÅÎÁ "ÕËÁÌÏ ÁÎÄ $ÒȢ 3ÈÁÎÁ 3ÉÌÖÅÒÓÔÅÉÎ ÆÏÒ ÔÈÅÉÒ ÔÒÁÉÎÉÎÇ ÅÁÒÌÙ ÉÎ ÍÙ ÓÃÉÅÎÔÉПÉÃ ÃÁÒÅÅÒ ÁÔ 
.)!!! ÁÎÄ ÁÌÌ ÔÈÅÉÒ ÉÎÓÉÇÈÔȟ ÇÕÉÄÁÎÃÅȟ ÁÎÄ ÆÒÉÅÎÄÓÈÉÐ ÓÉÎÃÅȢ 

4Ï ÁÌÌ ÍÙ ÆÒÉÅÎÄÓȟ ×ÈÅÔÈÅÒ ÆÒÏÍ ÈÏÍÅȟ ÓÃÈÏÏÌȟ ÏÒ ÅÌÓÅ×ÈÅÒÅȟ ) ÅØÔÅÎÄ ÍÙ ÈÅÁÒÔÆÅÌÔ 
ÇÒÁÔÉÔÕÄÅ ÆÏÒ ÙÏÕÒ ÕÎ×ÁÖÅÒÉÎÇ ÓÕÐÐÏÒÔ ÔÈÒÏÕÇÈÏÕÔ ÔÈÉÓ ÊÏÕÒÎÅÙȢ 9ÏÕÒ ÐÒÅÓÅÎÃÅ ÈÁÓ ÂÅÅÎ Á 
ÃÏÎÓÔÁÎÔ ÓÏÕÒÃÅ ÏÆ ÅÎÃÏÕÒÁÇÅÍÅÎÔ ÁÎÄ ÍÏÔÉÖÁÔÉÏÎȢ ) ÁÍ ÆÏÒÅÖÅÒ ÉÎÄÅÂÔÅÄ ÔÏ ÙÏÕ ÆÏÒ ÙÏÕÒ 
ËÉÎÄÎÅÓÓȟ ÕÎÄÅÒÓÔÁÎÄÉÎÇȟ ÁÎÄ ÕÎ×ÁÖÅÒÉÎÇ ÂÅÌÉÅÆ ÉÎ ÍÅȢ 4ÈÁÎË ÙÏÕ ÆÏÒ ÂÅÉÎÇ ÐÅÏÐÌÅ ) ÃÏÕÌÄ 
ÁÌ×ÁÙÓ ÒÅÌÙ ÏÎȟ ÁÎÄ ÆÏÒ ÍÁËÉÎÇ ÔÈÉÓ ÊÏÕÒÎÅÙ ÎÏÔ ÊÕÓÔ ÂÅÁÒÁÂÌÅȟ ÂÕÔ ÔÒÕÌÙ ÕÎÆÏÒÇÅÔÔÁÂÌÅȢ 

&ÉÎÁÌÌÙȟ ÁÎÄ ÍÏÓÔ ÉÍÐÏÒÔÁÎÔÌÙȟ ÔÏ ÍÙ ÆÁÍÉÌÙȟ ÔÈÁÎË ÙÏÕ ÁÌÌ ÆÏÒ ÙÏÕÒ ÌÏÖÅȢ ) ËÎÏ× ÁÌÌ ÏÆ 
ÔÈÉÓ ÈÁÓ ÂÅÅÎ Á ÌÏÎÇ ÁÎÄ ÕÎÃÅÒÔÁÉÎ ÐÒÏÃÅÓÓȟ ÂÕÔ ÙÏÕ ÓÈÏÕÌÄ ËÎÏ× ÔÈÁÔ ) ÁÐÐÒÅÃÉÁÔÅ 
ÅÖÅÒÙÔÈÉÎÇ ÙÏÕ ÈÁÖÅ ÄÏÎÅ ÁÎÄ ÃÏÎÔÉÎÕÅ ÔÏ ÄÏ ÆÏÒ ÍÅȢ 4Ï -ÏÍȟ $ÁÄȟ !ÌÅØȟ ÁÎÄ 4ÁÙÌÏÒȟ ÔÈÁÎË 
ÙÏÕ ÆÏÒ ÁÌ×ÁÙÓ ÂÅÉÎÇ ÔÈÅÒÅ ÆÏÒ ÍÅȟ ÅÖÅÎ ÉÎ ÔÈÅ ÈÁÒÄÅÓÔ ÍÏÍÅÎÔÓȟ ÁÎÄ ÆÏÒ ÁÌ×ÁÙÓ ÍÁËÉÎÇ ÍÅ 
ÆÅÅÌ ÌÏÖÅÄȢ ) ÓÉÍÐÌÙ ×ÏÕÌÄ ÎÏÔ ÈÁÖÅ ÇÏÔÔÅÎ ÔÈÒÏÕÇÈ ÔÈÉÓ ×ÉÔÈÏÕÔ ÙÏÕȟ ÁÎÄ ÔÈÏÕÇÈ ) ÄÅПÉÎÉÔÅÌÙ 
ÄÏ ÎÏÔ ÓÁÙ ÔÈÉÓ ÅÎÏÕÇÈȟ ÙÏÕ ÁÌÌ ÍÅÁÎ ÔÈÅ ×ÏÒÌÄ ÔÏ ÍÅȢ 4ÈÁÎË ÙÏÕ ÆÏÒ ÅÖÅÒÙÔÈÉÎÇȢ 



1 

 

Introduction: Circuits and systems involved in threat detection and 

appraisal  

The necessity of threat detection  

In order to survive, organisms must to update or change behavior in accordance 

with shifting environmental demands. Environmental demands can shift on short or long 

timescales, across modalities, and/or  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 to rapidly adapt and modify behaviors becomes particularly crucial in 

the realm of aversive experiences. Threats in the environment can appear suddenly and 

unexpectedly, necessitating immediate 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 

&ÉÇÕÒÅ ρȡ 4ÈÅ ÔÈÒÅÁÔ ÉÍÍÉÎÅÎÃÅ ÃÏÎÔÉÎÕÕÍ ÉÎ ÒÏÄÅÎÔÓȢ 
$ÅÃÒÅÁÓÅÄ ÉÍÍÉÎÅÎÃÅ ÏÆ ÔÈÒÅÁÔ ÉÓ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÅÎÈÁÎÃÅÄ ÓÁÆÅÔÙȤ
ÒÅÌÁÔÅÄ ÂÅÈÁÖÉÏÒÓȟ ×ÈÅÒÅÁÓ ÉÎÃÒÅÁÓÉÎÇ ÉÍÍÉÎÅÎÃÅ ÅÌÉÃÉÔÓ ПÉÇÈÔȤÏÒȤ
ПÌÉÇÈÔ ÒÅÓÐÏÎÓÅÓȢ 2ÅÐÒÏÄÕÃÅÄ ÆÒÏÍ -ÏÓÃÁÒÅÌÌÏ ÁÎÄ 0ÅÎÚÏ ςπςςȢ 
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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 strategy. This 

problem has been framed in terms of the threat-imminence continuum, which postulates 

that the immediacy of a perceived threat dictates the behavioral strategy that will be 

selected (Fanselow and Lester 1988, Mobbs et al. 2018, Moscarello and Penzo 2022). In 

humans, distal threats elicit feelings such as worry and anxiety, while immediate 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 flight-or-flight behaviors (Moscarello and Penzo 

2022, Fanselow 1994).  

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 

ÄÉÓÔÁÌȟ ÔÈÅ ÏÒÇÁÎÉÓÍ ÈÁÓ ÔÈÅ ȰÌÕØÕÒÙȱ ÔÏ ÓÐÅÎÄ ÍÏÒÅ ÔÉÍÅ ÄÅÓÉÇÎÉÎÇ Á ÄÅÆÅÎÓÉÖÅ ÐÏÌÉÃÙȟ with 

this process being routed through higher-order regions such as the prefrontal cortex (PFC). 

As a threat becomes more imminent, the luxury of time dissipates, and defensive fight-or-

flight actions are rapidly selected via activity in deeper brain regions including the 

hypothalamus and peri-aqueductal gray (Mobbs et al. 2007, Levy and Schiller 2021).  

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 predict 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). Eventually, delivery 
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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 discrete circuits to form 

associations between the CS and US. Pavlovian threat conditioning (formation of cue-

outcome associations) relies heavily on activity in the PFC, amygdala, striatum, and ventral 

tegmental area (Li et al. 2011, McHugh et al. 2014, Levy 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 2002, Milad 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 forgetting of the initial association, 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, a major symptom in 

conditions such as post-traumatic 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 a cue to 

select an action from a dictionary of behavioral responses (Levy and Schiller 2021). Thus, 

ÏÂÓÅÒÖÅÄ ÄÅÆÉÃÉÔÓ ÉÎ ÁÎ ÏÒÇÁÎÉÓÍȭÓ ÂÅÈÁÖÉÏÒÁÌ ÒÅÓÐÏÎÓÅÓ ÍÁÙ ÁÒÉÓÅ ÆÒÏÍ ÉÍÐÁÉÒÍÅÎÔÓ ÉÎ 
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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 these regions 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 (dlPFC) and the ventrolateral PFC, while 

the ventromedial PFC is divided into medial and ventral compartments. The lateral and 

medial PFC play different roles in cognitive and emotional processing, with the lateral PFC 

being more involved in higher-order cognitive functions and the medial PFC being more 

involved in emotional regulation (Averbeck and Seo 2008). Dysfunction of the dlPFC is 

implicated in a variety of psychiatric disorders including schizophrenia, depression, PTSD, 

and more (Mega and Cummings 1994, Koenigs and Grafman 2009, Logue et al. 2021). The 

dlPFC of humans is commonly thought to be homologous to the rodent medial PFC (mPFC) 

(Moghaddam and Homayoun 2007, McEwen and Morrison 2013), although debate 

continues about whether such perfect mappings exist between rodents and primates 

(Roberts and Clarke 2019, Laubach et al. 2018). The orbitofrontal cortex (OFC) in humans 

also shares similarities with the rodent mPFC, particularly in its role in encoding reward 

value and guiding decision-making (Rudebeck and Murray 2014, Izquierdo 2017). In 

contrast, the frontal pole, the most anterior part of the human PFC, has no clear homologue 
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in the rodent brain and is thought to be involved in more abstract cognitive processes such 

as metacognition and prospective memory (Burgess et al. 2007, Tsujimoto 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 

associative areas such as the basolateral amygdala (BLA) and hippocampus, each of which 

are known to regulate various aspects of learning, motivation, and goal-directed behaviors 

Figure 2: Comparison of regions of human and mouse brain 
involved in threat processing.  Reproduced from Kredlow et al. 2021. 
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(Anastasiades and Carter 2021, Hoover 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, particularly 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 centers such 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 basal 

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 that the 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 project 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 hypothalamus (Hurley et al. 1991), allowing 

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

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 stress responses. Other 

mPFC 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 highly connected 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 learning (Izaki 

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. 2010, Ma et al. 2014, Warren et al. 2019) and threat 

(Peters et al. 2009, Sotres-Bayon et al. 2009, Senn et al. 2014). In addition to consolidation, 

the mPFC is also important for the retrieval of distant or remote memories, as inactivation 

of mPFC impairs performance on remote, but not recent, memory-based tasks (Koya et al. 

2008, Quinn et al. 2008). The mPFC predicts which actions are most adaptive for a given 

scenario, and the mPFC contains neurons responsive to both reward and aversion (Euston 

et al. 2012). Neurons of the mPFC encode high-dimensional information and respond to a 
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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 structure (Jung 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 (Miller 2000, Bartolo and 

Averbeck 2020, Durstewitz et al. 2010, Narayanan et al. 2006, Cowen and McNaughton 

2007). The mPFC also encodes goal-related information (Narayanan et al. 2006, Cowen and 

McNaughton 2007), reward contingency and expectation (Burton et al. 2009), and 

contextual, spatial, and positional information (Hyman et al. 2012, Cowen 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 

&ÉÇÕÒÅ σȡ 4ÈÒÅÁÔ ÄÅÔÅÃÔÉÏÎ ÁÎÄ ÁÐÐÒÁÉÓÁÌ ÃÉÒÃÕÉÔÒÙ ÏÆ ÔÈÅ 
ÍÁÍÍÁÌÉÁÎ ÂÒÁÉÎȢ 

4ÈÒÅÁÔÓ ÁÒÅ ÐÒÏÃÅÓÓÅÄ ÔÈÒÏÕÇÈ Á ÂÒÏÁÄ ÒÁÎÇÅ ÏÆ ÃÉÒÃÕÉÔÓ ÔÈÁÔ ÅÎÁÂÌÅ 
ÔÈÅ ÓÅÌÅÃÔÉÏÎ ÏÆ ÄÉÓÔÉÎÃÔ ÂÅÈÁÖÉÏÒÁÌ ÒÅÓÐÏÎÓÅÓ ÕÐÏÎ ÄÅÔÅÃÔÉÏÎ ÁÎÄ 
ÅÖÁÌÕÁÔÉÏÎ ÏÆ ÔÈÅ ÔÈÒÅÁÔȢ 2ÅÐÒÏÄÕÃÅÄ ÆÒÏÍ +ÒÅÄÌÏ× ÅÔ ÁÌȢ ςπςρȢ 
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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 mPFC-dependent 

tasks often diminishes with high levels of stress (Arnsten 2009, McEwen and Morrison 

2013, Yuen et al. 2009, Liston 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 stress (Adhikari et al. 2010, McEwen 2007). Aversive 

outcomes and predictors of aversive outcomes also trigger differential activity in 

populations of mPFC neurons, indicating that neuronal motifs within the mPFC work 

together to encode multiple features of aversion (Baeg et al. 2001). 
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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 threat-related memory processes. The neural 

circuit s underlying classical Pavlovian threat conditioning has been extensively studied 

(Fendt and Fanselow 1999, Sierra-Mercado et al. 2011, Gonzalez and Fanselow 2020). 

Briefly, sensory signals conveying the conditioned stimulus (CS) and unconditioned 

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 projects to the 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 context-specific (Likhtik et al. 2008, Hagihara et al. 2021). 

These subcortical circuits underlying both threat conditioning and extinction are 

&ÉÇÕÒÅ τȡ /ÐÐÏÓÉÎÇ ÒÏÌÅÓ ÏÆ 0, ÁÎÄ ), ÉÎ ÅØÐÒÅÓÓÉÏÎ ÁÎÄ ÅØÔÉÎÃÔÉÏÎ ÏÆ ÌÅÁÒÎÅÄ ÆÅÁÒȢ  

Expression of fear requires activity in PL, which drives an amygdalar network distinct 
from that engaged during fear extinction, which is dependent on IL. Reproduced from 
Sotres-Bayon 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 sessions 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 session ɀ similar to the effects 

on fear retrieval described above ɀ but does not facilitate extinction memory (Sierra-

Mercado et al 2011). Electrophysiological studies have shown that repeated CS-US pairings 

induce sustained and heightened activity in PL neurons during the CS (Burgos-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. 2009). 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 processes. However, the role of the PL is still 

nuanced. For example, while the dmPFC encodes sustained amygdala-driven threat 

representations, these signals failed to predict behavioral outcome in 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 threat-related 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 activation 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 memory formation 

(Do-Monte et al. 2015).  

A broader view of PL/IL function contends that these regions may generally be 

recruited during moments of ambiguity or uncertainty (Gonzalez and Fanselow 2020). This 

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 reward-seeking behavior 

is also IL-dependent (LaLumiere et al. 2010, Gutman et al. 2017). The mPFC is also involved 

in context-specific discrimination, as IL lesions block the ability of rats 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. 2007). Networks of PL and IL neurons are critical for 

discriminating safety associations across threatening and non-threatening contexts 

(Corches et al. 2019). Inactivation of the IL, 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 (Moscarello and LeDoux 2013). Inactivation of PL has been 
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shown to regulate active, but not inhibitory, avoidance on lever-pressing 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 reward-seeking, on a go/no-go appetitive 

learning task. Together, this points toward a more nuanced role of PL/IL function and 

underscores a need to apply complex paradigms to discover more about how these regions 

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 processes must resolve this "motivational conflict" (Diehl 

et al. 2019). One emerging paradigm used to induce motivational conflict is the platform-

mediated avoidance (PMA) paradigm (Bravo-Rivera et al. 2014, Diehl 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 port 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 decision-making under duress, and the mPFC regulates many 

aspects of these tradeoffs. Inactivation of the PL impairs avoidance but not freezing in the 

PMA task (Bravo-Rivera et al. 2014). Inhibitory responses in the rostral PL are also 

correlated with avoidance, and photostimulation of rostral PL neurons at 4Hz blocks 

avoidance (Diehl et al. 2018). The PL controls avoidance in a pathway-specific 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 enhanced freezing and 

suppression of food-seeking behavior (Bravo-Rivera 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 investigation 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 with its cognate receptor, 

the kappa opioid receptor (KOR), is commonly implicated in behavioral abnormalities 

present across a range of psychiatric disorders. In contrast to other opioid systems 

including the delta- or mu-opioid receptor systems, the Dyn/KOR system drives symptoms 

such as dysphoria, anxiety, and psychotomimesis (Pfeiffer et al. 1986). While these effects 

are readily driven by agonism of KOR through either synthetic or naturally occurring 

agonists, such as Salvinorin A, KOR antagonists have more recently been investigated as 

potential therapeutics for psychiatric and substance use disorders (Carlezon and Krystal 

2016, Fava et al. 2020; Krystal et al. 2020; Schmidt et al. 2024). Similar to humans, KOR 

agonism in rodents promotes aversive or anhedonic responses and promotes anxiety-like 

behavior (reviewed in Bruchas et al. 2010, Wee and Koob 2010, Tejeda et al. 2012, Crowley 

and Kash 2015, Karkhanis and Al-Hasani 2020, Limoges et al. 2022). While it is thought 

that KOR agonism reduces drug- and reward-seeking behavior during acute timescales 

(Shippenberg et al. 2007, Freeman et al. 2014, Butelman and Kreek 2015, Heinsbroek et al., 
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2018), over longer periods it may negatively reinforce these behaviors such that 

attainment of the drug or reward mitigates the aversive experience of KOR agonism 

(Bruchas et al. 2010, Wee and Koob 2010, Walker et al. 2012, Chartoff et al. 2016, Escobar 

et al. 2020). KOR agonism in rodents produces behavioral phenotypes reminiscent of 

human disorders such as schizophrenia, depression, PTSD, and substance use disorder. In 

fact, abnormal Dyn/KOR signaling has indeed been implicated in each of the above 

disorders (Hang et al. 2015, Bruchas et al. 2010, Jacobson 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. 

The Dyn/KOR system is embedded within limbic networks that regulate several 

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

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. 1985, Fallon et al. 1985, Slater and Cross 1986, Mansour 

et al. 1987, Rattan et al. 1992, DePaoli et al. 1994, Jamensky and Gianoulakis 1997, Chou et 

&ÉÇÕÒÅ υȡ +/2ȤÅØÐÒÅÓÓÉÎÇ ÎÅÕÒÏÎÓ ÁÒÅ ÅÍÂÅÄÄÅÄ ×ÉÔÈÉÎ ÌÉÍÂÉÃ 
ÃÉÒÃÕÉÔÓ ÏÆ ÔÈÅ ÒÏÄÅÎÔ ÂÒÁÉÎȢ 

Adapted from Crowley and Kash (2015). 
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al. 2001). These regions are widely implicated in learning and memory, goal-directed 

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 cortex (Loh 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 brainstem (Agostinelli 

et al. 2021), as well as the lateral parabrachial nucleus (Chiang et al. 2020, Norris et al. 

2021). 

Dyn/KOR in the PFC 

Expression of Dyn and KOR within the PFC has been reported in several mammalian 

species, including mice (DePaoli et al. 1994, Yarur et al. 2023, Wang et al. 2024), rats 

(Yakovleva et al. 2006, Svingos and Colago 2002) non-human primates (Khachaturian et al. 

1985), and humans (Peckys and Hurd 2001). While the relative abundances of 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 marijuana and 

stimulants (Peckys and Hurd 2001). 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. 2014). Dyn, but not KOR, is also 

downregulated in postmortem samples of the PFC of 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 layers (Yarur et al. 

2023, Wang et al. 2024). While not directly observed in PFC, layer-specificity of Dyn 

neurons has been observed elsewhere in the cortex, such as the insular cortex (Pina et al. 

2020), although the reporter mouse line used in these studies is nonspecific. In the mouse 

mPFC, about 25% of neurons co-express SOM, another neuropeptide typically found in 

GABAergic neurons (Sohn et al. 2014). While KOR expression in PFC neurons is sparse, 

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 PFC likely express 

KOR. This is supported by the finding that BLA-evoked responses of PFC neurons are 

attenuated upon KOR agonism (Tejeda et al. 2015). KORs in the mPFC also regulate 

dopaminergic signaling, with activation or blockade of KORs respectively inhibiting or 

promoting dopamine overflow in the mPFC (Tejeda et al. 2013). As such, the Dyn/KOR 

system in the mPFC is well-positioned 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. Generally, KORs in the prelimbic mPFC become 

phosphorylated ɀ a measure of putative Dyn signaling ɀ in response to a variety of 

stressors, including swim stress, footshock, and acute morphine withdrawal (Abraham et 

al. 2021). Importantly, the role of Dyn in regulating mPFC-driven 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 test (Tejeda et al. 2015). However, 

modulation of KOR receptors specifically in the vmPFC, a region known to suppress fear 

states (Sotres-Bayon and Quirk 2010), confers an effect opposite that of the general mPFC. 

For example, infusion of norBNI into the vmPFC increases anxiety-like behavior, as assayed 

by the elevated plus maze, (Wall and Messier 2002), whereas infusion of the KOR agonist 

U69 into the vmPFC confers an anxiolytic effect (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 amygdala-vmPFC pathway 

(Bilkei-Gorzo et al. 2012), pointing towards a role of vmPFC Dyn in evaluating and 

responding to threats. The vmPFC Dyn/KOR system also controls the cardiovascular 

system in response to acute threats and stressors. The baroreflex 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 intra-vmPFC infusion of KOR antagonists (Fassini et al. 2015). 

This could serve as one mechanism through which systemic responses, such as muscle 

tone, become primed for fight-or-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 anxiety-like 

disorders including depression (Lagatta 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 higher-order 

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 mice (Abraham et al. 2021). Additionally, working 

memory deficits triggered by alcohol dependence are blocked by intra-mPFC infusion of 

the KOR antagonist norBNI in rats (Wei et al. 2022). Meanwhile, infusion of the KOR 

agonist U50 into the mPFC of naïve rats recapitulates the working memory deficits seen in 

alcohol-dependent 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 PFC-dependent 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 memory-based tasks.  

 

Summary  

The Dyn/KOR system, particularly within the ventromedial prefrontal cortex 

vmPFC, is uniquely positioned to toggle threat-related signals and control motivated 

behavior due to its role in regulating emotional responses, autonomic functions, and 

cognitive processes. Because the vmPFC is a key region involved in suppressing fear states 

and modulating approach-avoidance conflict, the Dyn/KOR system within this region may 

act as a circuit modulator , fine-tuning the vmPFC's output to guide behavior in response to 

perceived threats. Importantly, however, the precise role of Dyn/KOR signaling within the 

vmPFC during threat exposure and approach-avoidance conflict has not yet been 

established. Moreover, many studies in this area tend to ignore the specific roles of 
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neuropeptides while still studying the role of the peptide-expressing cell. Thus, there is a 

need to investigate 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 

prepares the 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 levels and the 

initiation of appropriate behavioral responses. Dysregulation of this system may lead to 

aberrant threat processing, contributing to the development of stress and anxiety disorders 

such as PTSD. 

Moreover, the Dyn/KOR system's involvement in higher-order 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 to altered 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 threat-related signals and influences 

the interplay between cognitive processes and threat appraisal could pave the way for the 
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development of more effective treatments aimed at restoring adaptive approach-avoidance 

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 approach-avoidance 

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. 

&ÉÇÕÒÅ φȡ !ÐÐÁÒÁÔÕÓ ÓÃÈÅÍÁÔÉÃ ÁÎÄ ÅØÐÅÒÉÍÅÎÔÁÌ ÏÖÅÒÖÉÅ×Ȣ  
Left: The apparatus allows mice to nosepoke to obtain reward when the nose port light 
is on. However, during the conflict phases of the task, tone-shock 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 at the various phases of the task. In reward training, 
mice receive only light cues and are not exposed to any tone-shock pairings. During 
variable conflict, mice continue to receive light cues, but tone-shock pairings are also 
introduced with varying degrees of overlap with the light. In high conflict, mice receive 
only Co-Presentation trials. 
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7ÈÉÌÅ ÔÈÅ ÐÌÁÔÆÏÒÍ ÁÌÌÏ×ÅÄ ÍÉÃÅ ÔÏ ÅÓÃÁÐÅ ÓÈÏÃËÓȟ ÔÈÅ ÐÌÁÔÆÏÒÍȭÓ ÌÏÃÁÔÉÏÎ ÉÎ ÔÈÅ ÄÉÓÔÁÌ 

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 in Figure 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 (Bravo-Rivera 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 tone-shock pairings are delivered during reward 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 variable conflict procedures. In variable 

&ÉÇÕÒÅ χȡ +ÎÏÃËÄÏ×Î ÏÆ $ÙÎ ÄÏÅÓ ÎÏÔ ÒÅÇÕÌÁÔÅ ÒÅ×ÁÒÄ ÌÅÁÒÎÉÎÇȢ  
,ÅÆÔȡ ÓÃÈÅÍÁÔÉÃ ÏÆ ÁÐÐÒÏÁÃÈ ÂÅÈÁÖÉÏÒ ÉÎ ÒÅ×ÁÒÄ ÌÅÁÒÎÉÎÇȢ 2ÉÇÈÔȡ ÓÈ2.!ȤÍÅÄÉÁÔÅÄ 
ËÎÏÃËÄÏ×Î ÏÆ $ÙÎ ÄÏÅÓ ÎÏÔ ÍÏÄÕÌÁÔÅ ÎÏÓÅÐÏËÉÎÇ ÂÅÈÁÖÉÏÒ ÁÆÔÅÒ υ ÄÁÙÓ ÏÆ 
ÔÒÁÉÎÉÎÇȢ 
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conflict, mice are presented with reward-predictive light cues as well as 30s tones that 

predict mild footshocks. The footshocks last 2s and co-terminate with the tones. During 

variable conflict, tone and light cues are presented with varying degrees of overlap. Some 

ÔÒÉÁÌÓ ÉÎÖÏÌÖÅ ÐÒÅÓÅÎÔÉÎÇ Á ÔÏÎÅ ÏÒ ÌÉÇÈÔ ÃÕÅ ÉÎÄÅÐÅÎÄÅÎÔÌÙ ɉÔÅÒÍÅÄ Ȱ4ÏÎÅ /ÎÌÙȱ ÏÒ Ȱ,ÉÇÈÔ 

/ÎÌÙȱ ÔÒÉÁÌÓȟ ÒÅÓÐÅÃÔÉÖÅÌÙɊȟ ×ÈÉÌÅ ÉÎ ÏÔÈÅÒ ÔÒÉÁÌÓ ÔÈÅÓÅ ÃÕÅÓ ÏÖÅÒÌÁÐ ÆÏÒ ÅÉÔÈÅÒ ÈÁÌÆ ÏÆ ÔÈÅ ÔÉÍÅ 

or the entire 30s block. We refer to the trials of entirely overlapping compound light-tone 

ÃÕÅÓ ÁÓ Ȱ#Ï-0ÒÅÓÅÎÔÁÔÉÏÎȱ ÔÒÉÁÌÓȢ  

Previous experiments from the laboratory using the PMA task revealed a specific 

role of vmPFC Dyn in regulating approach behaviors following threat exposure. These 

experiments illustrated a few key points. First, loss of vmPFC Dyn does not impact reward-

seeking behavior in the absence of threat (Figure 7: Knockdown of Dyn does not 

&ÉÇÕÒÅ ψȡ +ÎÏÃËÄÏ×Î ÏÆ $ÙÎ ÅÎÈÁÎÃÅÓ ÁÖÏÉÄÁÎÃÅ ÆÏÌÌÏ×ÉÎÇ ÓÈÏÃË ÅØÐÏÓÕÒÅȢ 

,ÅÆÔȡ -ÉÃÅ ÌÁÃËÉÎÇ 0$ÙÎ ÒÅÃÅÉÖÅ ÍÏÒÅ ÓÈÏÃËÓ ÔÈÁÎ ÃÏÎÔÒÏÌÓ ÏÎ ÔÈÅ ПÉÒÓÔ ÄÁÙ ÏÆ 
ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔ ÐÒÏÃÅÄÕÒÅÓȢ 2ÉÇÈÔȡ -ÉÃÅ ÌÁÃËÉÎÇ 0$ÙÎ ÓÐÅÎÄ ÌÅÓÓ ÔÉÍÅ 
ÎÏÓÅÐÏËÉÎÇ ÉÎ ÆÁÖÏÒ ÏÆ ÔÉÍÅ ÏÎ ÔÈÅ ÐÌÁÔÆÏÒÍ ÌÁÔÅÒ ÉÎ ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔ ÐÒÏÃÅÄÕÒÅÓȢ 
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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 reward-seeking (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 observed after 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 stimuli. Finally, when the rules of the 
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task are changed, and mice are challenged to adapt to trials consisting 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 . ).  

  

&ÉÇÕÒÅ ωȡ +ÎÏÃËÄÏ×Î ÏÆ ÖÍ0&# $ÙÎ ÂÌÏÃËÓ ÂÅÈÁÖÉÏÒÁÌ ÁÄÁÐÔÁÔÉÏÎ ÔÏ ÒÕÌÅ 
ÃÈÁÎÇÅÓ ÉÎ ÔÈÅ 0-! ÔÁÓËȢ  
Left: Schematic of behavioral strategy during Co-Presentation trials. Center: 
Knockdown of vmPFC Dyn does not modulate reward-seeking or avoidance 
behavior on Co-Presentation trials of variable conflict. Right:  Knockdown of 
vmPFC Dyn reduces reward-seeking and enhances avoidance behavior during 
Co-Presentation trials of high conflict. 
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1.2: vmPFC Dyn neurons are recruited during motivational conflict  

While ÔÈÅ ÌÁÂȭÓ past experiments have provided valuable insights into the role of 

vmPFC Dyn in approach-avoidance conflict, several key issues remain unresolved. First, it 

is critical to examine the temporal dynamics of vmPFC Dyn signaling during the PMA task 

to understand how this system regulates approach-avoidance conflict in real-time. Second, 

investigating the role of vmPFC Dyn in other approach-avoidance paradigms would provide 

a more comprehensive understanding of how this peptidergic system regulates behavior 

under different types of motivational conflict. By addressing these questions, we aimed to 

further elucidate the neural mechanisms through which vmPFC Dyn contributes to the 

resolution of competing motivational drives and adaptive decision-making in the face of 

threat. 

&ÉÇÕÒÅ ρπȡ %ØÐÅÒÉÍÅÎÔÁÌ ÁÐÐÁÒÁÔÕÓ ÁÎÄ ÈÉÓÔÏÌÏÇÙ ÏÆ ПÉÂÅÒ ÐÈÏÔÏÍÅÔÒÙ ÉÎ $ÙÎȤ#ÒÅ 
ÍÉÃÅȢ  
,ÅÆÔȡ 3ÃÈÅÍÁÔÉÃ ÏÆ 0-! ÂÅÈÁÖÉÏÒÁÌ ÁÐÐÁÒÁÔÕÓ ×ÉÔÈ ПÉÂÅÒ ÐÈÏÔÏÍÅÔÒÙ ÓÙÓÔÅÍȢ -ÉÄÄÌÅȡ 
3ÃÈÅÍÁÔÉÃ ÏÆ ПÉÂÅÒ ÐÌÁÃÅÍÅÎÔ ÁÎÄ ÖÉÒÁÌ ÉÎÊÅÃÔÉÏÎ ÉÎ ÖÍ0&# ÏÆ $ÙÎȤ#ÒÅ ÍÉÃÅȢ 2ÉÇÈÔȡ 
2ÅÐÒÅÓÅÎÔÁÔÉÖÅ ÉÍÁÇÅ ÏÆ Ê'#ÁÍÐψÆ ÅØÐÒÅÓÓÉÏÎ ÁÎÄ ПÉÂÅÒ ÐÌÁÃÅÍÅÎÔ ÉÎ ÖÍ0&#Ȣ  
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Because our lab previously identified a role of Dyn in regulating acute responses to 

threatening stimuli, we sought to clarify how the 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 platform-mediated aversion (PMA) task. We 

injected AAV9-syn-FLEX-jGCaMP8f-WPRE, which induces expression of the calcium 

indicator jGCaMP8f in Cre-expressing neurons, into the vmPFC of Dyn-Cre mice (Figure 10: 

Experimental apparatus and histology of fiber photometry in Dyn -Cre mice. ).  

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; Time x Day interaction F(599, 8386) = 9.671, p<0.0001; 

Time main effect F (599, 8386) = 18.04, p<0.0001; Day main effect F (1, 14) = 11.35, 

p=0.0046) and spent less time around the platform after learning this association (Two-

way repeated measures ANOVA; Time x Day interaction F (599, 8386) = 0.5527, p>0.9999; 

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

&ÉÇÕÒÅ ρρȡ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÓ ÁÒÅ ÎÏÔ ÅÎÇÁÇÅÄ ÄÕÒÉÎÇ ÒÅ×ÁÒÄ ÔÒÁÉÎÉÎÇȢ  
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. 
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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 (Two-way repeated measures 

ANOVA; Time x Day interaction F (599, 8386) = 0.7603, p>0.9999; Time main effect F (599, 

8386) = 1.776, p<0.0001; Day main effect F (1, 14) = 0.2371, p=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 of 

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 modulated during 

the light CS in variable conflict procedures (Figure 12: Motivational conflict promotes 

vmPFC Dyn neuronal activity  during reward cues. ). vmPFC Dyn neuronal activity was 

enhanced on the first day of variable conflict (Two-way repeated measures ANOVA; Time x 

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

&ÉÇÕÒÅ ρςȡ -ÏÔÉÖÁÔÉÏÎÁÌ ÃÏÎПÌÉÃÔ ÐÒÏÍÏÔÅÓ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÁÌ ÁÃÔÉÖÉÔÙ ÄÕÒÉÎÇ 
ÒÅ×ÁÒÄ ÃÕÅÓȢ  
,ÅÆÔȡ -ÉÃÅ ÄÉÓÐÌÁÙ ÓÉÍÉÌÁÒ ÒÅ×ÁÒÄȤÓÅÅËÉÎÇ ÂÅÈÁÖÉÏÒÓ ÄÕÒÉÎÇ ,ÉÇÈÔ /ÎÌÙ ÔÒÉÁÌÓ ÉÎ ÖÁÒÉÁÂÌÅ 
ÃÏÎПÌÉÃÔ ÐÒÏÃÅÄÕÒÅÓȢ -ÉÄÄÌÅȡ -ÉÃÅ ÓÐÅÎÄ ÍÏÒÅ ÔÉÍÅ ÏÎ ÔÈÅ ÐÌÁÔÆÏÒÍ ÁÓ ÔÈÅÙ ÌÅÁÒÎ ÔÈÅ ÔÁÓË 
ÒÕÌÅÓȢ 2ÉÇÈÔȡ !ÃÔÉÖÉÔÙ ÏÆ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÓ ÄÕÒÉÎÇ ,ÉÇÈÔ /ÎÌÙ ÔÒÉÁÌÓ ÉÓ ÅÎÈÁÎÃÅÄ ÌÁÔÅÒ 
ÄÕÒÉÎÇ ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔȢ  
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p<0.0001; Day main effect F (1, 14) = 0.06432, p=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; Time x Day interaction F (599, 8386) = 

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

14) = 5.249, p=0.0380). We observed no difference in nosepoking across variable conflict 

(Two-way repeated measures ANOVA; Time x Day interaction F (599, 8386) = 1.058, 

p=0.1678; Time main effect F (599, 8386) = 8.590, p<0.0001; Day main effect F(1, 14) = 

1.841, p=0.1963). We then predicted that Tone Only trials, which co-terminate with a 

footshock, would enhance vmPFC neuronal 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; Time x Day interaction F (599, 8386) = 

2.316 p<0.0001; Time main effect F (599, 8386) = 5.501, p<0.0001, Day main effect F (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; Time x Day interaction F (599, 

8386) = 1.143, p=0.0108; Time main effect F (599, 8386) = 2.035, p<0.0001; Day main 
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effect F (1, 14) = 3.519, p=0.0817) in favor of increased time on the safe platform (Two-way 

repeated measures ANOVA; Time x Day interaction F (599, 8386) = 0.6183, p>0.9999; Time 

main effect F (599, 8386) = 5.870, p<0.0001; Day main effect F (1, 14) = 23.21, p=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 spend more time 

on the platform to avoid the shock.  

&ÉÇÕÒÅ ρσȡ -ÏÔÉÖÁÔÉÏÎÁÌ ÃÏÎПÌÉÃÔ ÐÒÏÍÏÔÅÓ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÁÌ ÁÃÔÉÖÉÔÙ ÉÎ ÒÅÓÐÏÎÓÅ 
ÔÏ ÔÈÒÅÁÔÓȢ  
,ÅÆÔȡ -ÉÃÅ ÓÕÐÐÒÅÓÓ ÎÏÓÅÐÏËÉÎÇ ÄÕÒÉÎÇ 4ÏÎÅ /ÎÌÙ ÔÒÉÁÌÓ ÌÁÔÅÒ ÉÎ ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔ 
ÐÒÏÃÅÄÕÒÅÓȢ -ÉÄÄÌÅȡ -ÉÃÅ ÓÐÅÎÄ ÍÏÒÅ ÔÉÍÅ ÏÎ ÐÌÁÔÆÏÒÍ ÄÕÒÉÎÇ 4ÏÎÅ /ÎÌÙ ÔÒÉÁÌÓ ÏÎ ÌÁÔÅÒ 
ÄÁÙÓ ÏÆ ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔȢ 2ÉÇÈÔȡ !ÃÔÉÖÉÔÙ ÏÆ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÓ ÉÓ ÒÅÄÕÃÅÄ ÏÎ ÌÁÔÅÒ ÄÁÙÓ 
ÏÆ ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔȟ ÐÏÓÓÉÂÌÙ ÂÅÃÁÕÓÅ ÍÉÃÅ ÒÅÍÁÉÎ ÏÎ ÔÈÅ ÐÌÁÔÆÏÒÍ ÔÏ ÁÖÏÉÄ ÓÈÏÃËÓȢ 

&ÉÇÕÒÅ ρτȡ -ÏÔÉÖÁÔÉÏÎÁÌ ÃÏÎПÌÉÃÔ ÄÏÅÓ ÎÏÔ ÒÅÇÕÌÁÔÅ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÁÌ ÁÃÔÉÖÉÔÙ 
ÄÕÒÉÎÇ ÃÏȤÐÒÅÓÅÎÔÁÔÉÏÎ ÔÒÉÁÌÓȢ 
Left: Co-Presentation trials do not modulate nosepoking behavior during variable 
conflict. Middle: Co-Presentation trials are not associated with altered time on platform 
in variable conflict. Right: Activity of vmPFC Dyn neurons during Co-Presentation trials 
is not differentially modulated throughout variable conflict procedures. 
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We next assessed how vmPFC Dyn neurons engage during Co-Presentation trials, 

when the light and tone cues are presented concurrently. These trials were not associated 

with differential activity of vmPFC Dyn neurons across days (Figure 14: Motivational  

conflict does not regulate  vmPFC Dyn neuronal activity during co -presentation 

trials .) (Two-way repeated measures ANOVA; Time x Day interaction F (599, 8386) = 

0.8512, p=0.9955; Time main effect F (599, 8386) = 2.260, p<0.0001; Day main effect F (1, 

14) = 1.425, p=0.2525). However, the behavior of the mice during Co-Presentation trials 

stayed relatively stable across days as well, as we detected no difference in nosepoking 

(Two-way repeated measures ANOVA; Time x Day interaction F (599, 8386) = 0.5261, 

p>0.9999; Time main effect F (599, 8386) = 6.493, p<0.0001; Day main effect F (1, 14) = 

0.02955, p=0.8660) or time on platform (Two-way repeated measures ANOVA; Time x Day 

interaction F (599, 8386) = 0.8481, p=0.9962; Time main effect F (599, 8386) = 7.120, 

p<0.0001; Day main effect F (1, 14) = 0.1850, p=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 Co-Presentation trials. In this phase of the task, because mice must 

learn to modify their approach-avoidance strategy, we predicted that Co-Presentation trials 

would again enhance activity of vmPFC Dyn neurons, much like what was observed during 

the Light Only trials of variable conflict. Indeed, we observed that high conflict procedures 

×ÅÒÅ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÈÉÇÈÅÒ ɝ&Ⱦ& ÄÕÒÉÎÇ #Ï-Presentation trials (Figure 15: Shifting task 

demands via high conflict procedures regulate s vmPFC Dyn neuronal activity.  ) (Two-

way repeated measures ANOVA; Time x Day interaction F (599, 8386) = 1.148, p=0.0090; 

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

p=0.3237). When exposed to high conflict procedures, mice did learn to nosepoke slightly 

more for rewards during Co-Presentation trials, although this was not statistically 

significant (Two-way repeated measures ANOVA; Time x Day interaction F (599, 8386) = 

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

&ÉÇÕÒÅ ρυȡ 3ÈÉÆÔÉÎÇ ÔÁÓË ÄÅÍÁÎÄÓ ÖÉÁ ÈÉÇÈ ÃÏÎПÌÉÃÔ ÐÒÏÃÅÄÕÒÅÓ ÒÅÇÕÌÁÔÅÓ ÖÍ0&# $ÙÎ 
ÎÅÕÒÏÎÁÌ ÁÃÔÉÖÉÔÙȢ  
,ÅÆÔȡ #ÏȤ0ÒÅÓÅÎÔÁÔÉÏÎ ÔÒÉÁÌÓ ÄÏ ÎÏÔ ÓÉÇÎÉПÉÃÁÎÔÌÙ ÉÍÐÁÃÔ ÎÏÓÅÐÏËÉÎÇ ÂÅÈÁÖÉÏÒ ÉÎ ÈÉÇÈ 
ÃÏÎПÌÉÃÔ ÐÒÏÃÅÄÕÒÅÓȢ -ÉÄÄÌÅȡ -ÉÃÅ ÓÐÅÎÄ ÌÅÓÓ ÔÉÍÅ ÏÎ ÐÌÁÔÆÏÒÍ ÌÁÔÅÒ ÉÎ ÈÉÇÈ ÃÏÎПÌÉÃÔ 
ÐÒÏÃÅÄÕÒÅÓ ÂÕÔ ÒÅÔÕÒÎ ÔÏ ÔÈÅ ÐÌÁÔÆÏÒÍ ÌÁÔÅ ÉÎ ÔÈÅ ÔÒÉÁÌ ÔÏ ÁÖÏÉÄ ÓÈÏÃËȢ 2ÉÇÈÔȡ !ÃÔÉÖÉÔÙ ÏÆ 
ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÓ ÉÓ ÅÎÈÁÎÃÅÄ ÌÁÔÅÒ ÉÎ ÈÉÇÈ ÃÏÎПÌÉÃÔ ÐÒÏÃÅÄÕÒÅÓȢ 
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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 (Two-way repeated 

measures ANOVA; Time x Day interaction F (599, 8386) = 2.139, p<0.0001; Time main 

effect F (599, 8386) = 25.74, p<0.0001; Day main effect F (1, 14) = 2.556, p=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 Co-Presentation trials, and retreating to the platform 

later in the trials to avoid shocks. This shift in behavior was paralleled by a change in 

ÁÃÔÉÖÉÔÙ ÐÁÔÔÅÒÎÓ ÏÆ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÓȟ ÁÓ ÅÖÉÄÅÎÃÅÄ ÂÙ ÈÉÇÈÅÒ ɝ&Ⱦ& ÓÉÇÎÁÌȢ 

The PMA task requires diverse behavioral sequences to be performed to maximize 

reward and minimize footshock exposure. Animals must actively approach the reward 

port , actively return to the platform to avoid the shock, passively wait on the platform 

while the shock is delivered, and finally suppress their passive avoidance to reengage in 

reward-seeking. Aligning the activity of vmPFC Dyn neurons to the cues (as above) likely 

reflects the various behavioral states mice may be in at the beginning of each trial. For 

example, at the onset of a trial , one mouse may be on the platform, while another may be at 

the reward port, and this variability in behavioral timing may mask reliable signals that 

could be present when controlling for these behavioral sequences. Thus, any increases in 

Dyn neuron activity may only be detectable after decomposing the trial-averaged signal 

and aligning to specific behavioral events. This led us to ask whether the activity of vmPFC 

Dyn neurons increases during suppression of passive avoidance ɀ when mice must 

dismount the platform to approach the reward port  ɀ and decreases during the initiation of 

passive avoidance, when mice mount the platform to avoid footshock. To address this, we 



35 

 

ÃÅÎÔÅÒÅÄ ÅÁÃÈ ÍÏÕÓÅȭÓ ÐÈÏÔÏÍÅÔÒÙ ÓÉÇÎÁÌ ÁÒÏÕÎÄ ÔÈÅ ÆÉÒÓÔ ÍÏÕÎÔ ÏÒ ÄÉÓÍÏÕÎÔ ÏÆ ÅÁÃÈ ÔÒÉÁÌ 

across the various trial types of our PMA task.  

On Day 1 of reward training, the activity of vmPFC Dyn 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; Time x Day interaction F (69, 828) = 0.3223, p>0.9999; Time 

main effect F (69, 828) = 0.08553, p>0.9999; Day main effect F (1, 12) = 0.03719, 

p=0.8503). Similarly, vmPFC Dyn signal during mounts and dismounts did not differ on Day 

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

p=0.9983; Time main effect F (69, 690) = 2.380, p<0.0001; Day main effect F (1, 10) = 

&ÉÇÕÒÅ ρφȡ 0ÌÁÔÆÏÒÍ ÍÏÕÎÔÓ ÁÎÄ ÄÉÓÍÏÕÎÔÓ ÅÌÉÃÉÔ ÓÉÍÉÌÁÒ ÁÃÔÉÖÉÔÙ ÉÎ ÖÍ0&# $ÙÎ 
ÎÅÕÒÏÎÓ ÄÕÒÉÎÇ ÒÅ×ÁÒÄ ÔÒÁÉÎÉÎÇȢ  
,ÅÆÔȡ Ä&Ⱦ& ÁÃÔÉÖÉÔÙ ÁÌÉÇÎÅÄ ÔÏ ÍÏÕÎÔȾÄÉÓÍÏÕÎÔ ÅÖÅÎÔÓ ÏÎ $ÁÙ ρ ÏÆ ÒÅ×ÁÒÄ ÔÒÁÉÎÉÎÇȢ 
2ÉÇÈÔȡ Ä&Ⱦ& ÁÃÔÉÖÉÔÙ ÁÌÉÇÎÅÄ ÔÏ ÍÏÕÎÔȾÄÉÓÍÏÕÎÔ ÅÖÅÎÔÓ ÏÎ $ÁÙ υ ÏÆ ÒÅ×ÁÒÄ ÔÒÁÉÎÉÎÇȢ 
6ÅÒÔÉÃÁÌ ÄÁÓÈÅÄ ÌÉÎÅ ÉÎÄÉÃÁÔÅÓ ÍÏÕÎÔȾÄÉÓÍÏÕÎÔȢ %ÁÃÈ ÔÒÁÃÅ ×ÁÓ ÚȤÓÃÏÒÅÄ ÔÏ ÉÔÓ ÁÃÔÉÖÉÔÙ 
ÉÎ ÔÈÅ ςÓ ×ÉÎÄÏ× ÐÒÅÃÅÄÉÎÇ ÔÈÅ ÍÏÕÎÔȾÄÉÓÍÏÕÎÔȢ 4ÈÅ ÔÒÁÃÅÓ ÏÆ ÅÁÃÈ ÍÏÕÓÅ ×ÅÒÅ ПÉÒÓÔ 
ÁÖÅÒÁÇÅÄȟ ÁÎÄ ÓÔÁÎÄÁÒÄ ÅÒÒÏÒ ÏÆ ÔÈÅ ÍÅÁÎ ÏÆ ÔÈÅ ÍÅÁÎ ×ÁÓ ÃÏÍÐÕÔÅÄ ÆÒÏÍ ÔÈÅ ÍÅÁÎ 
ÖÁÌÕÅÓ ÏÆ ÔÈÅ ÍÉÃÅȢ 
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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 behavior. This 

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 and avoidance 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 dismounts (Figure 17: 

Platform  mounts and dismounts are associated with vmPFC Dyn neuronal activity  

during variable conflict . ) (Two-way repeated measures ANOVA; Time x Behavior 

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 trials were associated with enhanced vmPFC Dyn 

neuronal signal, while platform this signal decreased during platform mounts (Two-way 

&ÉÇÕÒÅ ρχȡ 0ÌÁÔÆÏÒÍ ÍÏÕÎÔÓ ÁÎÄ ÄÉÓÍÏÕÎÔÓ ÁÒÅ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÁÌ 
ÁÃÔÉÖÉÔÙ ÄÕÒÉÎÇ ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔȢ  
Left: dF/F 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 Co-Presentation trials on Day 6 and Day 10 of 
variable conflict. 
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repeated measures ANOVA; Time x Behavior interaction F (69, 828) = 10.23, p<0.0001; 

Time main effect F (69, 828) = 0.9811, p=0.5228; Behavior 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 and dismounts both on Day 6 (Two-way repeated 

measures ANOVA; Time x Behavior interaction F (69, 828) = 1.112, p=0.2550; Time main 

effect F (69, 828) = 0.5080, p=0.9997; Behavior main effect F (1, 12) = 0.1295, p=0.7253) 

and Day 10 (Two-way repeated measures ANOVA; Time x Behavior interaction F (69, 621) 

= 1.208, p=0.1300; Time main effect F (69, 621) = 0.1045, p>0.9999; Behavior main effect F 

(1, 9) = 0.7823, p=0.3994) of the task. We also examined vmPFC Dyn neuronal activity 

during Co-Presentation trials. Early in variable conflict, vmPFC Dyn neuronal activity 

increased during mounts and decreased during dismounts (Two-way repeated measures 

ANOVA; Time x Behavior interaction F (69, 552) = 5.038, p<0.0001; Time main effect F (69, 

552) = 0.09273, p>0.9999; Behavior main effect F (1, 8) = 7.112, p=0.0285), but later in 

variable conflict, no differences were observed (Two-way repeated measures ANOVA; Time 

x Behavior interaction F (69, 483) = 0.5007, p=0.9997; Time main effect F (69, 483) = 

0.02594, p>0.9999; Behavior main effect F (1, 7) = 0.3974, p=0.5484).  
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Next, we challenged mice with changes to the task demands by introducing high 

conflict procedures, which consisted exclusively of Co-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 x Behavior interaction F (69, 828) = 0.9762, p=0.5340; Time main effect F (69, 828) = 

1.367, p=0.0293; Behavior main effect F (1, 12) = 1.947, p=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; Time x Behavior 

interaction F (69, 828) = 5.798, p<0.0001; Time main effect F (69, 828) = 1.353, p=0.0338; 

Behavior main effect F (1, 12) = 5.466, p=0.0375).  

&ÉÇÕÒÅ ρψȡ 0ÌÁÔÆÏÒÍ ÍÏÕÎÔÓ ÁÎÄ ÄÉÓÍÏÕÎÔÓ ÁÒÅ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔÉÁÌ 
ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÁÌ ÁÃÔÉÖÉÔÙ ÄÕÒÉÎÇ ÈÉÇÈ ÃÏÎПÌÉÃÔȢ  
Left: dF/F 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 Co-Presentation trials on Day 15 and Day 19. 
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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 becomes 

pronounced after an aversive component (in this case, the tone-shock pairing) has been 

added. The present findings corroborate our previous behavioral results of shRNA-

mediated knockdown of vmPFC Dyn, which found that vmPFC Dyn only regulates reward-

seeking 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 approach-

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 

employed the 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 the mouse. 

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 motivational conflict. 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 that the 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 extinction-like paradigm would 

elicit mPFC activity, given that the IL is critical for extinction (Do-Monte et al. 2015). 

To address this, we designed a novel variant of the looming disk test wherein mice 

could trigger presentations of the looming stimulus repeatedly over time (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 stimulus was 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 self-initiate a variable number of 

looming stimuli depending on their drive to seek food. This simulates a form of 

&ÉÇÕÒÅ ρωȡ %ØÐÅÒÉÍÅÎÔÁÌ ÓÃÈÅÍÁÔÉÃ ÏÆ ÔÈÅ ÌÏÏÍÉÎÇ ÄÉÓË ÔÁÓËȢ  
! ÆÏÏÄ ÄÉÓÈ ÉÓ ÕÓÅÄ ÔÏ ÌÕÒÅ ÍÉÃÅ ÔÏ ÔÈÅ ÃÅÎÔÅÒ ÏÆ ÔÈÅ ÂÏØȢ -ÉÃÅ ÃÁÎ 
ÆÒÅÅÌÙ ÆÅÅÄ ÆÏÒ ρπ ÍÉÎÕÔÅÓ ×ÉÔÈÏÕÔ ÉÎÔÅÒÒÕÐÔÉÏÎȢ !ÆÔÅÒ ρπ ÍÉÎÕÔÅÓ ÏÆ 
ÂÁÓÅÌÉÎÅȟ ÖÉÄÅÏ ÆÅÅÄ ÄÅÔÅÃÔÓ ÍÉÃÅ ÁÃÔÉÖÉÔÙ ÉÎ ÔÈÅ ÃÅÎÔÅÒȟ ×ÈÉÃÈ ÔÒÉÇÇÅÒÓ 
ÐÒÅÓÅÎÔÁÔÉÏÎ ÏÆ ÅØÐÁÎÄÉÎÇ ÌÏÏÍ ÓÔÉÍÕÌÉȢ !ÆÔÅÒ Á ÌÏÏÍ ÅÖÅÎÔ ÉÓ 
ÔÒÉÇÇÅÒÅÄȟ ÔÈÅÒÅ ÉÓ Á ÌÁÐÓÅ ÏÆ ωπ ÓÅÃÏÎÄÓ ÂÅÆÏÒÅ ÔÈÅ ÎÅØÔ ÅÖÅÎÔ ÃÁÎ ÂÅ 
ÔÒÉÇÇÅÒÅÄȢ 
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motivational conflict, because to obtain food, mice must suppress the innate tendency to 

flee to the shelter.  

We injected C57/Bl6J 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 food-seeking 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 the number of 

looms triggered, the shPDyn mice initiated fewer loom trials than shCtrl mice (Figure 20: 

vmPFC Dyn 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.  

&ÉÇÕÒÅ ςπȡ ÖÍ0&# $ÙÎ ÉÓ ÃÒÉÔÉÃÁÌ ÆÏÒ ÓÕÐÐÒÅÓÓÉÎÇ ÁÖÅÒÓÉÏÎ ÔÏ ÉÎÎÁÔÅ ÔÈÒÅÁÔÓȢ  

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 a binned 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. 
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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 (Two-way repeated measures ANOVA; 

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

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

replicated what was observed in the single-trial looming test described previously, and 

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

stimulus (Figure 21: vmPFC Dyn suppresses shelter -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 

&ÉÇÕÒÅ ςρȡ ÖÍ0&# $ÙÎ ÓÕÐÐÒÅÓÓÅÓ ÓÈÅÌÔÅÒȤÓÅÅËÉÎÇ ÂÅÈÁÖÉÏÒ ÏÎ ÌÁÔÅ ÔÒÉÁÌÓȟ 
ÂÕÔ ÎÏÔ ÏÎ ÅÁÒÌÙ ÔÒÉÁÌÓȢ  

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 suppress the drive to return to the shelter after 
triggering multiple looms. 
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shelter and remain there for an extended period of time relative to shCtrl mice (Two-way 

repeated measures ANOVA; Time x Treatment interaction F (44, 1496) = 0.6989, p=0.9328; 

Time main effect F (44, 1496) = 16.76, p<0.0001; Treatment main effect F (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 

ÌÁÂÅÌÅÄ ÔÈÅ ÆÉÒÓÔ ρπ ÍÉÎÕÔÅÓ ÏÆ ÔÈÅ ÔÁÓË ÁÓ ÔÈÅ Ȱ"ÁÓÅÌÉÎÅȱ ÐÅÒÉÏÄ ÁÎÄ ÔÈÅ ÒÅÍÁÉÎÉÎÇ υπ 

ÍÉÎÕÔÅÓ ÁÓ Ȱ0ÏÓÔ-ÂÁÓÅÌÉÎÅȱȢ 7Å ÆÏÕÎÄ ÔÈÁÔ ×ÈÉÌÅ ÓÈ0$ÙÎ ÍÉÃÅ ÁÎÄ ÓÈ#ÔÒÌ ÍÉÃÅ ÅØÈÉÂÉÔÅÄ 

similar amounts of time in shelter during Baseline, shPDyn mice spent significantly more 

time in the shelter during the Post-baseline period (Figure 22: vmPFC Dyn 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 Post-baseline period. This again emphasizes that the vmPFC Dyn system 

becomes engaged only after an aversive cue is presented. At normal levels, vmPFC Dyn 

&ÉÇÕÒÅ ςςȡ ÖÍ0&# $ÙÎ ÓÕÐÐÒÅÓÓÅÓ ÄÅÆÅÎÓÉÖÅ ÂÅÈÁÖÉÏÒÓ ÉÎ ÒÅÓÐÏÎÓÅ ÔÏ ÁÎ 
ÉÎÎÁÔÅÌÙ ÁÖÅÒÓÉÖÅ ÓÔÉÍÕÌÕÓȢ  

Left panel: Control and shRNA mice freeze at similar levels during 
Baseline, while in the Post-baseline period, shRNA mice exhibit enhanced 
freezing. Right panel: Control and shRNA mice spend similar amounts of 
time in shelter during Baseline, but in the Post-baseline period, shRNA 
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 vivo fiber photometry to monitor 

fluorescence of the genetically encoded Dyn sensor kLight (Figure 23: Experimental 

schematic, fiber placement, and aggregate U50 responses. ). We stereotactically 

injected an AAV encoding kLight unilaterally into the vmPFC of wild -type C57/Bl6J mice 

and implanted an optical fiber 100 microns above the injection site. Mice were allowed 3 

weeks to recover. After this, we ran mice through the repeated looming disk task and 

recorded the kLight signal evoked during the task. After mice were run in the looming disk 

task, I 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 

vmPFC, were included in the final dataset.  

  

&ÉÇÕÒÅ ςσȡ %ØÐÅÒÉÍÅÎÔÁÌ ÓÃÈÅÍÁÔÉÃȟ ПÉÂÅÒ ÐÌÁÃÅÍÅÎÔȟ ÁÎÄ ÁÇÇÒÅÇÁÔÅ 5υπ ÒÅÓÐÏÎÓÅÓȢ  

Far left and center left: Experimental schematic illustrating task structure and spatial 
arrangement of behavioral apparatus. Center right: Representative histology image 
demonstrating optical fiber placement in vmPFC. Far right: Aggregated U50 responses for 
mice included in analysis. 
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Performance of tethered mice expressing kLight was similar to untethered mice 

from previous experiments. Mice triggered approximately 27 trials on average (Figure 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 previously (Figure 25: Tethered mice suppress 

shelter -seeking behavior on late trials, but not on early trials. ). Mice exhibited escape 

behavior (a retreat to the shelter within 5s of the loom) at relatively low rates. This 

emphasizes that tethered kLight-expressing mice perform the task normally. 

  

  

&ÉÇÕÒÅ ςτȡ Ë,ÉÇÈÔȤÅØÐÒÅÓÓÉÎÇ ÍÉÃÅ ÒÅÐÅÁÔÅÄÌÙ ÔÒÉÇÇÅÒ ÌÏÏÍ ÓÔÉÍÕÌÉȢ 
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 approach- and avoidance-related 

behaviors in the looming disk task, we analyzed kLight responses when mice enter and exit 

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

ÒÅÌÁÔÅÄ ÂÅÈÁÖÉÏÒȟ ÄÕÒÉÎÇ ÔÈÅ ÆÉÒÓÔ ρπ ÍÉÎÕÔÅÓ ɉȰ"ÁÓÅÌÉÎÅȱɊ ÏÒ ÆÉÎÁÌ υπ ÍÉÎÕÔÅÓ ɉȰ0ÏÓÔ-

ÂÁÓÅÌÉÎÅȱɊ ÏÆ ÔÈÅ ÔÁÓË (Figure 26: Shelter entries and exits are not associated with 

differential kLight activity across task phases.  ). These two phases of the task were not 

associated with differential kLight signal across time (Two-way repeated measures 

ANOVA; Time x Epoch interaction F (74, 1406) = 0.4472, p>0.9999; Time main effect F (74, 

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

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

p=0.6008). After aligning to shelter exits, which capture an approach-related behavior, 

vmPFC kLight signal was similarly not associated with differential task phase activity over 

time (Two-way repeated measures ANOVA; Time x Epoch interaction F (74, 1406) = 1.348, 

&ÉÇÕÒÅ ςυȡ 4ÅÔÈÅÒÅÄ ÍÉÃÅ ÓÕÐÐÒÅÓÓ ÓÈÅÌÔÅÒȤÓÅÅËÉÎÇ ÂÅÈÁÖÉÏÒ ÏÎ ÌÁÔÅ ÔÒÉÁÌÓȟ ÂÕÔ ÎÏÔ 
ÏÎ ÅÁÒÌÙ ÔÒÉÁÌÓȢ  
Left: Proportion of time in shelter centered around the loom onset for the first trial only. 
Center: Proportion of time in shelter centered around the loom onset for all trials of the 
task. Mice suppress the drive to return to the shelter after triggering multiple looms. 
Right: Percentage of trials escaped. 
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p=0.0287; Time main effect F (74, 1406) = 2.931, p<0.0001; Epoch main effect F (1, 19) = 

1.336, p=0.2620), nor when the area under the curve was computed (Unpaired 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 loom (Figure 27: kLight signal 

&ÉÇÕÒÅ ςφȡ 3ÈÅÌÔÅÒ ÅÎÔÒÉÅÓ ÁÎÄ ÅØÉÔÓ ÁÒÅ ÎÏÔ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔÉÁÌ 
Ë,ÉÇÈÔ ÁÃÔÉÖÉÔÙ ÁÃÒÏÓÓ ÔÁÓË ÐÈÁÓÅÓȢ   

Top row: Time series (left) and area under the curve (right) plots for 
vmPFC Dyn neuronal activity aligned to shelter entries. Bottom row: Same, 
but for shelter exits. 
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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 

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 with differential vmPFC Dyn activity.  

To test whether vmPFC Dyn tracks divergent behavioral responses in response to 

looming stimuli, we analyzed kLight signal 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 kLight signal is not associated with differential activity 

on escaped or non-escaped trials.  ). Here, kLight signal was not enhanced on non-

escaped trials relative to escaped trials (Two-way repeated measures ANOVA; Time x Trial 

type interaction F (98, 1078) = 0.1355, p>0.9999; Time main effect F (98, 1078) = 0.3432, 

p>0.9999; Trial type main effect F (1, 11) = 0.6801, p=0.4271). Comparison of area under 

the curve for each trial type similarly yielded no effect (Unpaired t-test t=-1.1622, df=10, 

&ÉÇÕÒÅ ςχȡ Ë,ÉÇÈÔ ÓÉÇÎÁÌ ÉÎ ÒÅÓÐÏÎÓÅ ÔÏ ÌÏÏÍÉÎÇ ÓÔÉÍÕÌÉȢ  
Left: kLight signal in response to the first looming stimulus. Right: kLight signal 
aligned to all looming trials. 
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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 

to note that the variance in kLight signal was large, especially for non-escaped trials.  

 

  

&ÉÇÕÒÅ ςψȡ ÖÍ0&# Ë,ÉÇÈÔ ÓÉÇÎÁÌ ÉÓ ÎÏÔ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔÉÁÌ ÁÃÔÉÖÉÔÙ ÏÎ 
ÅÓÃÁÐÅÄ ÏÒ ÎÏÎȤÅÓÃÁÐÅÄ ÔÒÉÁÌÓȢ  

Left: Time series of kLight signal on escaped and non-escaped 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 non-escaped trials. 
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1.5: Recording vmPFC Dyn neurons during a repeated looming disk task  

While shRNA-mediated 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 during the repeated looming disk task, we implemented in vivo fiber 

photometry. To specifically label Dyn neurons in the vmPFC, we stereotactically injected a 

Cre-dependent fluorescent calcium sensor jGCaMP8f unilaterally into the vmPFC of Dyn-

Cre mice (Figure 29: Experimental schematic , GCaMP expression, and fiber 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 

described previously and recorded the GCaMP-induced fluorescence signal.  

&ÉÇÕÒÅ ςωȡ %ØÐÅÒÉÍÅÎÔÁÌ ÓÃÈÅÍÁÔÉÃȟ '#Á-0 ÅØÐÒÅÓÓÉÏÎȟ ÁÎÄ ПÉÂÅÒ ÐÌÁÃÅÍÅÎÔ ÉÎ $ÙÎȤ
#ÒÅ ÍÉÃÅȢ  
,ÅÆÔȡ %ØÐÅÒÉÍÅÎÔÁÌ ÓÃÈÅÍÁÔÉÃ ÉÌÌÕÓÔÒÁÔÉÎÇ ÔÁÓË ÓÔÒÕÃÔÕÒÅ ÁÎÄ ÓÐÁÔÉÁÌ ÁÒÒÁÎÇÅÍÅÎÔ ÏÆ 
ÂÅÈÁÖÉÏÒÁÌ ÁÐÐÁÒÁÔÕÓȢ 2ÉÇÈÔȡ 2ÅÐÒÅÓÅÎÔÁÔÉÖÅ ÈÉÓÔÏÌÏÇÙ ÉÍÁÇÅ ÄÅÍÏÎÓÔÒÁÔÉÎÇ ÏÐÔÉÃÁÌ ПÉÂÅÒ 
ÐÌÁÃÅÍÅÎÔ ÉÎ ÖÍ0&#Ȣ 
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 To dissect how vmPFC Dyn neurons engage during approach- and avoidance-related 

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 

avoidance-ÒÅÌÁÔÅÄ ÂÅÈÁÖÉÏÒȟ ÄÕÒÉÎÇ ÔÈÅ ÆÉÒÓÔ ρπ ÍÉÎÕÔÅÓ ɉȰ"ÁÓÅÌÉÎÅȱɊ ÏÒ ÆÉÎÁÌ υπ ÍÉÎÕÔÅÓ 

ɉȰ0ÏÓÔ-ÂÁÓÅÌÉÎÅȱɊ ÏÆ ÔÈÅ ÔÁÓË (Figure 30: Shelter entries and exits do not modulate 

activity of vmPFC Dyn neurons across  task phases. ). We failed to detect significant 

changes in GCaMP signal across time (Two-way repeated measures ANOVA; Time x Epoch 

&ÉÇÕÒÅ σπȡ 3ÈÅÌÔÅÒ ÅÎÔÒÉÅÓ ÁÎÄ ÅØÉÔÓ ÄÏ ÎÏÔ ÍÏÄÕÌÁÔÅ ÁÃÔÉÖÉÔÙ ÏÆ ÖÍ0&# $ÙÎ 
ÎÅÕÒÏÎÓ ÁÃÒÏÓÓ ÔÁÓË ÐÈÁÓÅÓȢ  

Top row: Time series (left) and area under the curve (right) plots for vmPFC Dyn 
neuronal activity aligned to shelter entries. Bottom row: Same, but for shelter exits. 
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interaction F (74, 1924) = 0.9810, p=0.5249; Time main effect F (74, 1924) = 1.304, 

p=0.0443; Epoch main effect F (1, 26) = 0.0163, p=0.8994), and the area under the curve 

was similar for these phases (Paired t-test, t=0.1463, df=13, p=0.8859). Shelter exits, which 

capture an approach-related behavior, likewise were not associated with altered vmPFC 

GCaMP signal over time (Two-way repeated measures ANOVA; Time x Epoch interaction F 

(74, 1924) = 0.4985, p>0.9999; Time main effect F (74, 1924) =0.3156, p>0.9999; Epoch 

main effect F (1, 26) = 0.0417, p=0.8399), nor when the area under the curve was 

computed (Paired t-test  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 was observed (One-way 

ANOVA Time main effect F(149, 1937) = 1.163, p=0.0936), suggesting that Dyn is not 

differentially released in the vmPFC in response to the first loom (Figure 31: vmPFC 

GCaMP signal in response to looming stimuli.  ). We then asked whether the GCaMP 

signal was modulated across all looming stimuli presentations of the task. This analysis 

&ÉÇÕÒÅ σρȡ ÖÍ0&# '#Á-0 ÓÉÇÎÁÌ ÉÎ ÒÅÓÐÏÎÓÅ ÔÏ ÌÏÏÍÉÎÇ ÓÔÉÍÕÌÉȢ  
Left: GCaMP signal in response to the first looming stimulus. Right: GCaMP signal 
aligned to all looming trials. 
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revealed no significant modulation of GCaMP (One-way 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 with 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 non-escaped trials.  ). 

Here, GCaMP signal was enhanced on non-escaped trials relative to escaped trials (Two-

way repeated measures ANOVA; Time x Trial type interaction F (149, 3725) = 0.5694, 

p>0.9999; Time main effect F (149, 3725) = 0.4341, p>0.9999; Trial type main effect F (1, 

25) = 0.1473, p=0.7044). The area under the curve was also similar across escaped and 

non-escaped trials (Paired t-test t=-2.3255, df=26, p=0.0369). While the previous shRNA 

&ÉÇÕÒÅ σςȡ ÖÍ0&# '#Á-0 ÓÉÇÎÁÌ ÉÓ ÅÎÈÁÎÃÅÄ ÄÕÒÉÎÇ ÎÏÎȤÅÓÃÁÐÅÄ ÔÒÉÁÌÓȢ  
Left: Time series of GCaMP signal on escaped and non-escaped trials aligned to the 
onsets of looming stimuli. Right: Area under the curve for the 20 seconds of GCaMP 
signal following looming onsets for escaped and non-escaped trials. 
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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 Dyn-Cre mice 

(n=5) to three foot shocks in a standard fear conditioning chamber. Shocks were 

administered for 2 seconds each with a 60 seconds inter -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 neurons (Figure 33: vmPFC Dyn 

neurons respond to footshock. ). The GCaMP signal increased immediately following 

each shock delivery (One-way repeated measures ANOVA; Time main effect F (120, 480) = 

3.868; p<0.0001). Signal levels remained elevated above baseline for several seconds 

following each shock before gradually returning to pre-shock levels. This demonstrates 

&ÉÇÕÒÅ σσȡ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÓ ÒÅÓÐÏÎÄ ÔÏ ÆÏÏÔÓÈÏÃËȢ  
Average GCaMP signal across 3 shocks for each mouse. Shaded area 
represents SEM. Vertical dashed line indicates shock onset. 
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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 shock-induced increase in GCaMP signal is consistent with previous reports of Dyn 

neuron activation in the vmPFC and other brain regions following aversive stimuli (Wang 

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 shRNA-mediated downregulation of Dyn enhanced avoidance, and that 

vmPFC Dyn neuronal activity is enhanced during nonescaped trials, we wondered whether 

long-term inhibition of vmPFC Dyn neurons similarly affects innate threat detection and 

habituation. To test this, we injected Dyn-Cre mice with a virus encoding a Cre-dependent 

inward-rectifying potassium (Kir) channel (AAV-hSyn-FLEX-Kir-tdTomato; n=10 

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

&ÉÇÕÒÅ στȡ %ØÐÅÒÉÍÅÎÔÁÌ ÏÖÅÒÖÉÅ× ÁÎÄ ÒÅÐÒÅÓÅÎÔÁÔÉÖÅ ÉÍÁÇÅ ÏÆ +ÉÒ ÅØÐÒÅÓÓÉÏÎ 
ÉÎ ÖÍ0&#Ȣ  

,ÅÆÔȡ 7Å ÁÐÐÌÉÅÄ ÔÈÅ ÓÁÍÅ ÌÏÏÍÉÎÇ ÄÉÓË ÔÅÓÔ ÍÏÄÅÌ ÁÓ ÄÅÓÃÒÉÂÅÄ ÐÒÅÖÉÏÕÓÌÙȢ 2ÉÇÈÔȡ 
$ÙÎȤ#ÒÅ ÍÉÃÅ ×ÅÒÅ ÉÎÊÅÃÔÅÄ ×ÉÔÈ &,%8ȤÔÄ4ÏÍÁÔÏ ÏÒ &,%8Ȥ+ÉÒ ÔÏ ÓÕÐÐÒÅÓÓ ÁÃÔÉÖÉÔÙ 
ÏÆ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÓ ÄÕÒÉÎÇ ÔÈÅ ÌÏÏÍÉÎÇ ÄÉÓË ÔÅÓÔȢ 
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Kir expression in vmPFC. ). This construct successfully inhibited Cre-expressing vmPFC 

neurons as validated by slice electrophysiology. Viral efficacy was approximately 65%. 

Control animals were injected with a Cre-dependent tdTomato (AAV5-CAG-FLEX-

tdTomato; n=10 control mice). 3 weeks after stereotactic injection, mice were run in the 

repeated looming disk task described previously. We 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 in our looming disk task, mice self-initiate looming stimuli by entering 

the center of the arena to access food. In this experiment, long-term suppression of Dyn 

neurons in the vmPFC yielded 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=0.3275). 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 long-term Dyn neuronal inhibition may impact 

avoidance behavior, we analyzed the time spent in the shelter during the first trial. Control 

and Kir mice exhibited similar shelter-seeking 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 ANOVA; Time x 

Treatment interaction F (224, 4032) = 0.4041, p>0.9999; Time main effect F (224, 4032) = 

6.721, p<0.0001; Treatment main effect F (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 shelter-seeking patterns on average (Two-

way repeated measures ANOVA; Time x Treatment interaction F (224, 4032) = 1.333, 

p=0.0009; Time main effect F (224, 4032) = 14.92, p<0.0001; Treatment main effect F (1, 

&ÉÇÕÒÅ συȡ +ÉÒȤÍÅÄÉÁÔÅÄ ÉÎÈÉÂÉÔÉÏÎ ÏÆ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÓ ÄÏÅÓ ÎÏÔ 
ÐÒÏÍÏÔÅ ÁÖÅÒÓÉÏÎ ÔÏ ÉÎÎÁÔÅ ÔÈÒÅÁÔÓȢ 

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. 
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18) = 1.110, p=0.3060). Together, these findings indicate that long-term suppression of 

Dyn neurons in the vmPFC does not enhance shelter-seeking behavior as an acute response 

to innate threats.  

Following this, we asked whether long-term inhibition of vmPFC Dyn neurons 

affected escape behavior. We counted a successful escape as a retreat to the shelter within 

&ÉÇÕÒÅ σφȡ +ÉÒȤÍÅÄÉÁÔÅÄ ÉÎÈÉÂÉÔÉÏÎ ÏÆ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÓ ÄÏÅÓ ÎÏÔ ÒÅÇÕÌÁÔÅ 
ÓÈÅÌÔÅÒȤÓÅÅËÉÎÇ ÂÅÈÁÖÉÏÒ ÆÏÌÌÏ×ÉÎÇ ÌÏÏÍ ÏÎÓÅÔȢ  
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). 

We then quantified the total mass of food consumed, although this also yielded no 

significant difference between the two groups (Unpaired t-test; t=-1.6362, df=18, 

p=0.1182). 

We next examined whether long-term suppression of Dyn neurons in the vmPFC 

affected three additional avoidance-related behaviors during the 10-minute baseline 

period compared to the final 50 minutes of the task (Figure 38: Kir -mediated inhibition 

of vmPFC Dyn 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 ANOVA; Time x Treatment interaction F (1, 18) = 2.458, 

&ÉÇÕÒÅ σχȡ +ÉÒȤÍÅÄÉÁÔÅÄ ÉÎÈÉÂÉÔÉÏÎ ÏÆ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÓ ÄÏÅÓ ÎÏÔ 
ÒÅÇÕÌÁÔÅ ÅÓÃÁÐÅ ÂÅÈÁÖÉÏÒ ÏÒ ÆÏÏÄ ÃÏÎÓÕÍÐÔÉÏÎȢ  
,ÅÆÔȡ +ÉÒȤÍÅÄÉÁÔÅÄ ÉÎÈÉÂÉÔÉÏÎ ÏÆ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÓ ÄÏÅÓ ÎÏÔ ÒÅÇÕÌÁÔÅ 
ÅÓÃÁÐÅÓ ÔÏ ÔÈÅ ÓÈÅÌÔÅÒ ÔÈÁÔ ÏÃÃÕÒ ×ÉÔÈÉÎ υÓ ÏÆ ÌÏÏÍ ÏÎÓÅÔÓȢ 2ÉÇÈÔȡ +ÉÒȤ
ÍÅÄÉÁÔÅÄ ÉÎÈÉÂÉÔÉÏÎ ÏÆ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÓ ÄÏÅÓ ÎÏÔ ÍÏÄÕÌÁÔÅ 
ÃÏÎÓÕÍÐÔÉÏÎ ÏÆ ÒÅ×ÁÒÄ ÏÖÅÒ ÔÈÅ ÄÕÒÁÔÉÏÎ ÏÆ ÔÈÅ ÔÁÓËȢ 



62 

 

p=0.1343; Time main effect F (1, 18) = 2.640, p=0.1216; Treatment main effect F (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 (Two-way repeated measures ANOVA; Time x Treatment 

interaction F (1, 18) = 1.036, p=0.3222; Time main effect F (1, 18) = 0.1139, p=0.7396; 

Treatment main effect F (1, 18) = 8.959, p=0.0078). Finally, the percentage of time spent 

freezing was not significantly different between the two groups (Two-way repeated 

measures ANOVA Time x Treatment interaction F (1, 18) = 0.2946, p=0.5940; Time main 

effect F (1, 18) = 32.68, p<0.0001; Treatment main effect F (1, 18) = 1.178, p=0.2920). 

These findings indicate that long-term inhibition of vmPFC Dyn neurons did not affect 

these other avoidance-related behaviors.  

This experiment aimed to investigate whether long-term inhibition of vmPFC Dyn 

neurons sculpts approach- or avoidance-related behaviors in a looming 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 prevents the release 

&ÉÇÕÒÅ σψȡ +ÉÒȤÍÅÄÉÁÔÅÄ ÉÎÈÉÂÉÔÉÏÎ ÏÆ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÓ ÄÏÅÓ ÎÏÔ ÒÅÇÕÌÁÔÅ 
ÁÐÐÒÏÁÃÈȤ ÏÒ ÁÖÏÉÄÁÎÃÅȤÒÅÌÁÔÅÄ ÂÅÈÁÖÉÏÒÓȢ  
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). 
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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 shRNA-mediated downregulation of Dyn enhanced avoidance, one would 

expect that acute inhibition of vmPFC Dyn neurons should similarly drive an avoidance 

phenotype. To test this, we injected Dyn-Flp mice with a virus encoding a Flp-dependent 

inhibitory DREADD (Figure 39: Experimental overview and representative image of 

DREADD expression in vmPFC. ) (AAV8-hSyn-fDIO-hM4Di-mCherry; n=14 experimental 

mice). This approach inhibit s neurons upon application of CNO. Viral efficacy was 

approximately 74%. Control animals were injected with a Flp-dependent yellow 

&ÉÇÕÒÅ σωȡ %ØÐÅÒÉÍÅÎÔÁÌ ÏÖÅÒÖÉÅ× ÁÎÄ ÒÅÐÒÅÓÅÎÔÁÔÉÖÅ ÉÍÁÇÅ ÏÆ $2%!$$ ÅØÐÒÅÓÓÉÏÎ ÉÎ 
ÖÍ0&#Ȣ  

Left: We applied the same looming disk test model as described previously. Right: Dyn-
Flp mice were injected with fDIO-GFP or fDIO-hM4Di-mCherry to acutely inhibit vmPFC 
Dyn neurons during the looming disk test. 
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fluorescent protein (AAV5-Ef1a-fDIO-eYFP; n=10 control mice). 3 weeks after stereotactic 

injection, we ran mice through the repeated looming disk task described previously. We 

predicted that acute inhibition of vmPFC Dyn neurons would enhance avoidance behavior 

in the looming disk task, as observed via shRNA-mediated downregulation of Dyn 

described previously. 

DREADD-mediated inhibition of Dyn neurons in the vmPFC did not affect the total 

number of looms triggered by the mice (Figure 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 behavior, we quantified the time spent in the shelter in response to the 

&ÉÇÕÒÅ τπȡ $2%!$$ȤÍÅÄÉÁÔÅÄ ÉÎÈÉÂÉÔÉÏÎ ÏÆ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÓ ÄÏÅÓ 
ÎÏÔ ÐÒÏÍÏÔÅ ÁÖÅÒÓÉÏÎ ÔÏ ÉÎÎÁÔÅ ÔÈÒÅÁÔÓȢ  

,ÅÆÔ ÐÁÎÅÌȡ 2ÁÓÔÅÒ ÏÆ ÁÌÌ ÌÏÏÍ ÔÒÉÁÌÓ ÔÒÉÇÇÅÒÅÄȢ %ÁÃÈ ÒÏ× ÏÆ ÔÈÅ ÒÁÓÔÅÒ ÃÏÒÒÅÓÐÏÎÄÓ 
ÔÏ Á ÓÉÎÇÌÅ ÍÏÕÓÅȢ 2ÉÇÈÔ ÐÁÎÅÌȡ "ÁÒ ÐÌÏÔ ÓÈÏ×ÉÎÇ ÔÏÔÁÌ ÎÕÍÂÅÒ ÏÆ ÌÏÏÍ ÔÒÉÁÌÓ 
ÔÒÉÇÇÅÒÅÄ ÐÅÒ ÇÒÏÕÐȢ 
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presentation of the first looming stimulus. In response to the first loom onset, control and 

hM4Di-expressing mice exhibited similar shelter-seeking 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 effect F (149, 3278) = 5.347, 

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

mean time in shelter for a given mouse across all looming stimulus presentations. Here, we 

again observed no difference, as control and hM4Di-expressing mice displayed similar 

shelter-seeking responses (Two-way repeated measures ANOVA; Time x treatment 

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

Treatment effect F (1, 22) = 0.8490, p=0.3668). These results suggest that acute DREADD-

&ÉÇÕÒÅ τρȡ $2%!$$ȤÍÅÄÉÁÔÅÄ ÉÎÈÉÂÉÔÉÏÎ ÏÆ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÓ ÄÏÅÓ ÎÏÔ ÒÅÇÕÌÁÔÅ 
ÓÈÅÌÔÅÒȤÓÅÅËÉÎÇ ÂÅÈÁÖÉÏÒ ÆÏÌÌÏ×ÉÎÇ ÌÏÏÍ ÏÎÓÅÔȢ  
,ÅÆÔ ÐÁÎÅÌȡ 0ÒÏÐÏÒÔÉÏÎ ÏÆ ÔÉÍÅ ÉÎ ÓÈÅÌÔÅÒ ÃÅÎÔÅÒÅÄ ÁÒÏÕÎÄ ÔÈÅ ÌÏÏÍ ÏÎÓÅÔ ÆÏÒ ÔÈÅ ПÉÒÓÔ 
ÔÒÉÁÌ ÏÎÌÙȢ 2ÉÇÈÔ ÐÁÎÅÌȡ 0ÒÏÐÏÒÔÉÏÎ ÏÆ ÔÉÍÅ ÉÎ ÓÈÅÌÔÅÒ ÃÅÎÔÅÒÅÄ ÁÒÏÕÎÄ ÔÈÅ ÌÏÏÍ ÏÎÓÅÔ 
ÆÏÒ ÁÌÌ ÔÒÉÁÌÓ ÏÆ ÔÈÅ ÔÁÓËȢ 
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mediated inhibition of vmPFC Dyn neurons does not promote shelter-seeking behavior in 

response to innate threats. 

Next, we assessed whether DREADD-mediated inhibition of vmPFC Dyn neurons 

impacted escape behavior in response to looming stimuli. As before, we 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 mice (Figure 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). We then investigated 

consummatory behavior by analyzing the total mass of food that mice ate, and this 

presented no significant difference between the two groups (Unpaired t-test; t=1.3654, 

df=22, p=0.1853). 

&ÉÇÕÒÅ τςȡ $2%!$$ȤÍÅÄÉÁÔÅÄ ÉÎÈÉÂÉÔÉÏÎ ÏÆ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÓ ÄÏÅÓ 
ÎÏÔ ÒÅÇÕÌÁÔÅ ÅÓÃÁÐÅ ÂÅÈÁÖÉÏÒ ÏÒ ÆÏÏÄ ÃÏÎÓÕÍÐÔÉÏÎȢ  
Left: DREADD-mediated inhibition of vmPFC Dyn neurons does not 
regulate escapes to the shelter that occur within 5s of loom onsets. 
Right: DREADD -mediated inhibition of vmPFC Dyn neurons does not 
modulate consumption of reward over the duration of the task. 
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We next examined whether hM4Di-mediated inhibition of vmPFC Dyn neurons 

differentially affected other avoidance-related behaviors during the 10 minute baseline 

period compared to the final 50 minutes of the task. Both groups of mice spent nearly equal 

percentages of time in the shelter in both phases of the task (Figure 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 effect F (1, 22) = 9.279, p=0.0059; 

Treatment effect F (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 (Two-way repeated measures 

ANOVA Time x treatment interaction F (1, 22) = 0.0621, p=0.8056; Time effect F (1, 22) = 

1.390, p=0.2511; Treatment effect F (1, 22) = 0.6071, p=0.4442). Furthermore, the 

percentage of time exhibiting freezing behavior was not significantly different between the 

two groups (Two-way repeated measures ANOVA; Time x treatment interaction F (1, 22) = 

4.991, p=0.0360; Time effect F (1, 22) = 60.08, p<0.0001; Treatment effect F (1, 22) = 

0.4081, p=0.5295). Together, this indicates that acute inhibition of vmPFC Dyn neurons 

does not affect these selected avoidance-related behaviors.  

&ÉÇÕÒÅ τσȡ $2%!$$ȤÍÅÄÉÁÔÅÄ ÉÎÈÉÂÉÔÉÏÎ ÏÆ ÖÍ0&# $ÙÎ ÎÅÕÒÏÎÓ ÄÏÅÓ ÎÏÔ ÒÅÇÕÌÁÔÅ 
ÁÐÐÒÏÁÃÈȤ ÏÒ ÁÖÏÉÄÁÎÃÅȤÒÅÌÁÔÅÄ ÂÅÈÁÖÉÏÒÓȢ  

DREADD-mediated inhibition of vmPFC Dyn neurons does not regulate freezing behavior 
(left), shelter-seeking behavior (middle), or time in center of the box (right). 
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This experiment aimed to investigate whether acute inhibition of vmPFC Dyn 

neurons sculpts approach- or avoidance-related behaviors in a looming disk task. However, 

my initial prediction was incorrect, as DREADD-mediated suppression of Dyn neurons in 

the vmPFC did not enhance avoidance behavior across a slew of metrics. This may be due 

to the fact that the DREADD-mediated 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 shRNA-mediated downregulation of Dyn in vmPFC 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 broader vmPFC circuitry. We predicted that because extinction and 

habituation processes in other tasks are regulated by the vmPFC, inhibition of broader 

vmPFC circuitry would impair habituation to a looming stimulus, as we observed in the 

previous Dyn shRNA experiment. To inhibit vmPFC neurons, we infused AAV5-hSyn-

mCherry (control) or AAV5-hSyn-hM4Di-mCherry (DREADD) into the vmPFC of C57/Bl6J 

mice and injected them with clozapine-N-oxide (CNO; 10mg/kg) 30 minutes prior to 

&ÉÇÕÒÅ ττȡ (ÉÓÔÏÌÏÇÙ ÁÎÄ ÅØÐÅÒÉÍÅÎÔÁÌ ÄÅÓÉÇÎ ÏÆ ÂÒÏÁÄ ÖÍ0&# ÉÎ ÌÏÏÍÉÎÇ 
ÄÉÓË ÔÁÓËȢ  

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 . ).  

 

We first examined the total number of looms triggered for control and DREADD 

mice. If normal vmPFC function generally promotes habituation or extinction-like 

processes, then DREADD-mediated inhibition should reduce the number of self-triggered 

looming stimuli. However, to our surprise, hM4Di-expressing mice initiated similar 

numbers of looms as control mice (Figure 45: hM4Di-mediated acute inhibition of 

vmPFC does 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.  

&ÉÇÕÒÅ τυȡ È-τ$ÉȤÍÅÄÉÁÔÅÄ ÁÃÕÔÅ ÉÎÈÉÂÉÔÉÏÎ ÏÆ ÖÍ0&# ÄÏÅÓ ÎÏÔ ÒÅÇÕÌÁÔÅ 
ÓÅÌÆȤÉÎÉÔÉÁÔÉÏÎ ÏÆ ÌÏÏÍÉÎÇ ÓÔÉÍÕÌÉȢ  
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 2-minute intervals. Right: 
Total looms triggered for control and hM4Di-expressing mice. 
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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 hM4Di-expressing mice 

sought shelter at similar times following presentation of the looming stimuli (Figure 46: 

Acute vmPFC inhibition 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 comparison 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 stimulus.  

&ÉÇÕÒÅ τφȡ !ÃÕÔÅ ÖÍ0&# ÉÎÈÉÂÉÔÉÏÎ ÄÏÅÓ ÎÏÔ ÒÅÇÕÌÁÔÅ ÄÒÉÖÅ ÔÏ 
ÓÅÅË ÓÈÅÌÔÅÒ ÆÏÌÌÏ×ÉÎÇ ÐÒÅÓÅÎÔÁÔÉÏÎ ÏÆ ÌÏÏÍÉÎÇ ÓÔÉÍÕÌÉȢ  
,ÅÆÔȡ 4ÉÍÅ ÓÅÒÉÅÓ ÐÌÏÔ ÄÉÓÐÌÁÙÉÎÇ ÔÉÍÅ ÉÎ ÓÈÅÌÔÅÒ ÁÌÉÇÎÅÄ ÔÏ ÌÏÏÍÉÎÇ 
ÓÔÉÍÕÌÉ ÏÎÓÅÔÓ ÆÏÒ ÃÏÎÔÒÏÌ ÁÎÄ ÈÍτ$ÉȤÅØÐÒÅÓÓÉÎÇ ÍÉÃÅȢ 2ÉÇÈÔȡ 
0ÅÒÃÅÎÔÁÇÅÓ ÏÆ ÓÕÃÃÅÓÓÆÕÌ ÅÓÃÁÐÅÓ ÆÏÒ ÃÏÎÔÒÏÌ ÁÎÄ È-τ$É ÍÉÃÅȢ 
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Finally, we assessed whether acute vmPFC inhibition impacted other key defensive 

behaviors in this task. We split our behavioral data into the 10-minute baseline period and 

the 50-minute post-baseline period. We first plotted percentage of time freezing. Both 

control and hM4Di-expressing mice showed baseline freezing levels around 15-18%, and 

these levels increased to about 25% during the post-baseline period. However, we found 

no difference between the two groups, indicating that acute vmPFC inhibition does not 

suppress freezing responses to looming stimuli (Figure 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 time 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 self-initiated looming stimuli.  

 

&ÉÇÕÒÅ τχȡ !ÃÕÔÅ ÖÍ0&# ÉÎÈÉÂÉÔÉÏÎ ÄÏÅÓ ÎÏÔ ÍÏÄÕÌÁÔÅ ÄÅÆÅÎÓÉÖÅ 
ÒÅÓÐÏÎÓÅÓ ÆÏÌÌÏ×ÉÎÇ ÅØÐÏÓÕÒÅ ÔÏ ÌÏÏÍÉÎÇ ÓÔÉÍÕÌÉȢ  
Left: Percentage of time freezing at baseline and during the test period 
does not differ between control and hM4Di-expressing mice. Middle: 
Percentage of time in shelter at baseline and during the test period does 
not differ between control and hM4Di-expressing mice. Right: Mean 
distance (m) to the food dish at baseline and during the test period does 
not differ between control and hM4Di-expressing mice. 
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1.9: Discussion 

The results from the PMA Dyn-Cre GCaMP experiments provide further insights into 

the role of vmPFC Dyn in approach-avoidance conflict, complementing ÔÈÅ ÌÁÂȭÓ previous 

findings from vmPFC Dyn knockdown experiments. Consistent with the observation that 

loss of Dyn does not alter reward-seeking in the absence of threat, the activity of vmPFC 

Dyn neurons was not associated with reward-seeking behavior under non-threatening 

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 re-introduction of additional conflict through rule changes, the 

differences in vmPFC Dyn signaling re-emerged, 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 self-initiated looms, suggesting an enhancement of 

avoidance behavior. Furthermore, mice with vmPFC Dyn knockdown spent more time in 

the shelter following loom exposure, indicating a heightened sensitivity to the aversive 

stimulus. Importantly, no baseline differences were observed in approach-avoidance 

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 loss manifest 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 innate and 

pain-free aversive stimuli. 

Fiber photometry recordings of vmPFC Dyn 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 peptide signaling were enhanced during loom escapes and 

reduced during non-escaped 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 with the PMA GCaMP imaging experiments, 

suggesting a conserved function of vmPFC Dyn across different approach-avoidance 

paradigms. 

To further investigate the specificity of vmPFC Dyn in modulating avoidance 

behavior, we employed acute and long-term inhibition of vmPFC Dyn neurons using 

DREADD and inward-rectifying potassium (Kir) channel approaches, respectively. 

Surprisingly, neither acute nor long-term inhibition of vmPFC Dyn neurons replicated the 

effects of vmPFC Dyn peptide knockdown, with no differences observed in multiple 

avoidance-related behaviors. These negative results suggest that the effects of vmPFC Dyn 

on avoidance behavior may not be solely mediated by the activity of Dyn-expressing 

neurons. It is important to note that vmPFC Dyn neurons also co-release other 

neurotransmitters such as glutamate and GABA, which would be inhibited in these 

experiments but not during the Dyn peptide knockdown, potentially explaining the 

discrepancy in findings 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. Interestingly, 

this manipulation did not replicate the effects of vmPFC Dyn peptide knockdown, with no 

differences observed in multiple avoidance-related behaviors. These negative results could 

be attributed to the "mixed bag" of vmPFC neurons targeted, as nonspecific inhibition may 

affect antagonistic processes that mask the specific effects of Dyn signaling on avoidance 

behavior. 

Collectively, these experiments provide compelling evidence for the role of vmPFC 

Dyn in modulating approach-avoidance behavior across different paradigms, including the 

PMA task and a modified looming disk task. The activity of vmPFC Dyn neurons and 

peptide signaling is dynamically regulated during motivational conflict, with enhanced 

activity during avoidance-related behaviors and reduced activity during approach-related 

behaviors. These findings highlight the importance of vmPFC Dyn in processing aversive 

stimuli and guiding adaptive decision-making under threatening conditions. However, it is 

important to acknowledge the caveats and limitations of these 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 aim to address these 

issues by employing techniques such as optogenetics for temporal control, along with 

related approaches to selectively manipulate glutamate or GABA release without affecting 

Dyn. Additonal experiments could also investigate the postsynaptic targets of vmPFC Dyn 

neurons to disentangle their role in regulating approach-avoidance 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 decision-making 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 remained on at 

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 when the IR 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 30s tones 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 cm) plexiglass 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 obtain 

reward. Mice first received a 5 minute baseline period before the first light presentation. 

The session lasted 1 hour, and the inter-trial interval was 90 seconds.  

Variable conflict testing: Mice next underwent 10 days of variable conflict testing. Here, 

mice were exposed to mixed cues including reward-predictive 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), Tone-Light (light was 

delivered 15s after tone onset), Tone Only (no light), and Co-Presentation (light and tone 



79 

 

began and ended at the same times). All tones co-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 presentation. 

The session lasted 1 hour, and the inter-trial 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 inter-trial interval 

varied from 30 seconds to 90 seconds.  

Behavioral recording: Video 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 analysis: Data were analyzed using custom Python scripts. Behavioral features were 

aligned to trial onsets using ChronIO (Aim I).  

 

PMA Dyn-Cre photometry  

Subjects: All procedures were approved by the National Institute of Mental Health Animal 

Care and Use Committee. Male and female PDyn-Cre mice (Jackson Laboratories; 8-12 

weeks old) were used to record from vmPFC Dyn neurons during the PMA 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 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. PDyn-Cre mice were injected with AAV8-

hSyn-FLEX-jGCaMP8f (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 Metabond cement. 

Mice recovered from surgery for a minimum of two weeks prior to behavioral testing. 

Photometry recordings: Photometry recordings were performed using a real-time signal 

processor (RZ5P; Tucker-Davis 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 and 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 (Tucker-Davis 

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 extracted using 

the Synapse Browser.  

Photometry analysis: Photometry 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. ChronIO (Aim I) was used to align 

photometry data to specific task-relevant cues or behavioral events. 
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Dyn shRNA loom 

Subjects: All procedures were approved by the National Institute of Mental Health Animal 

Care and Use Committee. Male and female C57/Bl6J mice (Jackson Laboratories; 8-12 

weeks old) were used to knockdown Dyn in vmPFC 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 

vmPFC (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. Experimental C57/Bl6J 

mice were injected with AAV8-hSyn-U6-shPDyn, and control C57/Bl6J mice were injected 

with AAV8-hSyn-U6-shScramble. Mice recovered from surgery for a minimum of two 

weeks prior to behavioral testing. 

 

Dyn-Cre loom photometry  

Subjects: All procedures were approved by the National Institute of Mental Health Animal 

Care and Use Committee. Male and female PDyn-Cre mice (Jackson Laboratories; 8-12 

weeks old) were used to record from vmPFC Dyn 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 unilaterally into the 

vmPFC (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 
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minutes before the syringes were retracted from the injection site. PDyn-Cre mice were 

injected with AAV8-hSyn-FLEX-jGCaMP8f (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 

Metabond cement. Mice recovered from surgery for a minimum of two weeks prior to 

behavioral testing. 

 

General mPFC DREADD-mediated inhibition  

Subjects: All procedures were approved by the National Institute of Mental Health Animal 

Care and Use Committee. Male and female C57/Bl6J mice (Jackson Laboratories; 8-12 

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 injected 

bilaterally into the vmPFC (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. 

Experimental C57/Bl6J mice were injected with AAV8-hSyn-hM4Di-eYFP (Addgene), and 

control C57/Bl6J mice were injected with AAV8-hSyn-eYFP (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 free-feeding weight of each 

mouse was recorded, and mice were moved to a fresh cage with no access to food. On the 
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next day, mice were given 1.5g 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 free-feeding schedule following completion of behavioral 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 monitor was placed flatly on top of 

the box so that looming stimuli could be displayed. Top-down 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 infrared video 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 when the 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 inter-trial interval was then enforced, allowing mice to freely feed 

for up to 90 seconds before 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 DAPI-containing 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 ChronIO 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 PDyn-Cre mice (8-12 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 vmPFC (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. Experimental Dyn-Cre mice were injected 

with AAV-hSyn-FLEX-Kir-tdTomato (Addgene), and control Dyn-Cre mice were injected 
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with AAV5-CAG-FLEX-tdTomato (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 PDyn-Flp mice (8-12 weeks old) were used for 

acute 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 vmPFC (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. Experimental Dyn-Flp mice were injected 

with AAV8-hSyn-fDIO-hM4Di-mCherry (Addgene), and control Dyn-Flp mice were injected 

with AAV5-Ef1a-fDIO-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/Bl6J mice (Jackson Laboratories; 8-12 

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 unilaterally into the 
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vmPFC (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. C57/Bl6J mice were 

injected with AAV8-hSyn-kLight1.2c (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 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. 

Photometry recordings: Photometry recordings were performed using a real-time signal 

processor (RZ5P; Tucker-Davis 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 and 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 (Tucker-Davis 

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 extracted 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 analysis: Photometry 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. ChronIO (Chapter 3) was used to 

align photometry data to specific task-relevant 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 comprise an important 

regulatory system mediating aspects of reward, aversion, stress responses, and cognition. 

Work from our lab (Wang et al. 2024) has highlighted 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 vmPFC are engaged during fear conditioning, as indicated by increased 

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 Dyn-sensitive sensor 

kLight. Finally, this previous work showed a causal role for Dyn in regulating freezing 

during fear conditioning procedures, as shRNA-mediated knockdown of Dyn in the vmPFC 

impaired the ability of mice to freeze selectively during the CS relative 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 threat-evoked responses after the acute threat has 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 implemented in vivo calcium imaging in conjunction with shRNA-mediated 

knockdown of Dyn. This approach allowed us to elucidate the temporal dynamics of vmPFC 

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 threat-predictive cues, 

and not in innocuous settings, we predicted that Dyn is critical for regular vmPFC 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 PDyn mRNA (shPDyn mice) or control mice 

&ÉÇÕÒÅ τψȡ 3ÃÈÅÍÁÔÉÃ ÏÆ ÖÉÒÁÌ ÓÔÒÁÔÅÇÙ ÁÎÄ '2). ÌÅÎÓ ÉÍÐÌÁÎÔÁÔÉÏÎȟ ÁÎÄ 
ÅØÔÒÁÃÔÉÏÎ ÏÆ ÎÅÕÒÏÎÁÌ ÓÉÇÎÁÌÓȢ  
,ÅÆÔ ÐÁÎÅÌȡ -ÉÃÅ ÒÅÃÅÉÖÅÄ ÅÉÔÈÅÒ Á ÃÏÎÔÒÏÌ ÓÈ2.! ÃÏÎÓÔÒÕÃÔ ÏÒ ÁÎ ÓÈ2.!ȤÅÎÃÏÄÉÎÇ 
ÃÏÎÓÔÒÕÃÔ ÔÁÒÇÅÔÅÄ ÔÏ ÔÈÅ 0$ÙÎ ÌÏÃÕÓȟ ×ÈÉÃÈ ÄÏ×ÎÒÅÇÕÌÁÔÅÓ 0$ÙÎ ÅØÐÒÅÓÓÉÏÎȢ 4ÈÅ 
ÃÁÌÃÉÕÍ ÉÎÄÉÃÁÔÏÒ '#Á-0χÆ ÉÓ ÅØÐÒÅÓÓÅÄ ÉÎ Á ÌÁÒÇÅ ÎÅÕÒÏÎÁÌ ÐÏÐÕÌÁÔÉÏÎȟ ÁÎÄ Á '2). 
ÌÅÎÓ ÉÍÐÌÁÎÔÅÄ ÁÂÏÖÅ ÔÈÅ ÉÎÊÅÃÔÉÏÎ ÓÉÔÅ ÁÌÌÏ×Ó ÎÅÕÒÏÎÓ ÔÏ ÂÅ ÒÅÃÏÒÄÅÄ ÄÕÒÉÎÇ 
ÂÅÈÁÖÉÏÒȢ 2ÉÇÈÔȡ $ÅÎÏÉÓÅÄ ÔÒÁÃÅÓ ÆÒÏÍ Á ÒÅÐÒÅÓÅÎÔÁÔÉÖÅ ÃÏÎÔÒÏÌ ÍÏÕÓÅ ÄÕÒÉÎÇ ÏÕÒ 
ÂÅÈÁÖÉÏÒÁÌ ÐÁÒÁÄÉÇÍȢ %ÁÃÈ ÔÒÁÃÅ ÃÏÒÒÅÓÐÏÎÄÓ ÔÏ Á ÓÉÎÇÌÅ ÃÅÌÌȢ 
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that received a scrambled shRNA construct (Figure 48: Schematic of viral strategy and 

GRIN lens implantation, and extraction of neuronal signals. ). To visualize calcium 

dynamics in vivo, all mice were injected with AAV9-Syn-GCaMP7f 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 in Neuron in 2024 (Wang et al. 2024).  

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 a 30s tone CS co-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 

&ÉÇÕÒÅ τωȡ /ÖÅÒÖÉÅ× ÏÆ ÆÅÁÒ ÃÏÎÄÉÔÉÏÎÉÎÇ ÐÁÒÁÄÉÇÍȢ  
4ÏÐ ÌÅÆÔ ÐÁÎÅÌȡ !ÆÔÅÒ ÍÉÎÉÓÃÏÐÅÓ ÁÒÅ ÁÔÔÁÃÈÅÄ ÔÏ ÔÈÅ ÍÉÃÅȟ ÔÈÅ ÍÉÃÅ 
ÁÒÅ ÐÌÁÃÅÄ ÉÎ Á 3ËÉÎÎÅÒ ÂÏØȟ ×ÈÉÃÈ ÃÏÎÔÁÉÎÓ Á ПÌÏÏÒ ÏÆ ÍÅÔÁÌ ÒÏÄÓ ÔÈÁÔ 
ÃÁÎ ÂÅ ÅÌÅÃÔÒÉПÉÅÄȢ 4ÏÐ ÒÉÇÈÔ ÐÁÎÅÌȡ ! σπππ(Ú ÐÕÒÅ ÔÏÎÅ ÃÏȤÔÅÒÍÉÎÁÔÅÓ 
×ÉÔÈ Á ςÓ ÆÏÏÔÓÈÏÃËȢ "ÏÔÔÏÍ ÐÁÎÅÌȡ &ÏÌÌÏ×ÉÎÇ Á υ ÍÉÎÕÔÅ ÂÁÓÅÌÉÎÅȟ 
ÍÉÃÅ ÁÒÅ ÐÒÅÓÅÎÔÅÄ ×ÉÔÈ φ ÔÏÎÅȤÓÈÏÃË ÐÁÉÒÉÎÇÓ ×ÉÔÈ ÖÁÒÉÁÂÌÅ )4)ÓȢ 
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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 conditioning, we generated 

ÈÅÁÔÍÁÐÓ ÏÆ ÔÈÅ ÎÏÒÍÁÌÉÚÅÄ Ў&Ⱦ& ÆÏÒ ÔÈÅ full session in control and shPDyn mice (Figure 

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 activity 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 been introduced, the behavior of mice changes. 

Thus, we next wanted to evaluate how neuronal activity changes in response to threat-

associated epochs of the task. 
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Next, we analyzed neural activity during the first trial (Figure 51: Dyn regulates 

vmPFC responses to unconditioned stimuli, but not innocuous cues.  ) and sorted cells 

based on their z-scored responsivity to the shock. We noted, qualitatively, that control mice 

appear to have a greater proportion of cells that are highly excited or highly inhibited 

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 CS. No effect of experimental group was observed on responsivity 

to the first tone before it acquired predictive value (Kolmogorov-Smirnov test; D=0.0469, 

&ÉÇÕÒÅ υπȡЮ6ÉÓÕÁÌÉÚÁÔÉÏÎ ÏÆ ÖÍ0&# ÁÃÔÉÖÉÔÙ ÉÎ ÃÏÎÔÒÏÌ ÁÎÄ ÓÈ0$ÙÎ ÍÉÃÅȢ  
,ÅÆÔȡ (ÅÁÔÍÁÐ ÄÉÓÐÌÁÙÉÎÇ ÖÍ0&# ÁÃÔÉÖÉÔÙ ÉÎ ÃÏÎÔÒÏÌ ÍÉÃÅȢ #ÅÌÌÓ ÁÒÅ ÓÏÒÔÅÄ ÂÁÓÅÄ ÏÎ 
ÒÅÓÐÏÎÓÉÖÉÔÙ ÔÏ ÔÈÅ ПÉÒÓÔ ÓÈÏÃËȢ -ÉÄÄÌÅȡ (ÅÁÔÍÁÐ ÄÉÓÐÌÁÙÉÎÇ ÖÍ0&# ÁÃÔÉÖÉÔÙ ÉÎ ÃÏÎÔÒÏÌ 
ÍÉÃÅȢ #ÅÌÌÓ ÁÒÅ ÓÏÒÔÅÄ ÂÁÓÅÄ ÏÎ ÒÅÓÐÏÎÓÉÖÉÔÙ ÔÏ ÔÈÅ ПÉÒÓÔ ÓÈÏÃËȢ 2ÉÇÈÔȡ #ÕÍÕÌÁÔÉÖÅ 
ÐÒÏÂÁÂÉÌÉÔÙ ÏÆ :ȤÓÃÏÒÅÄ ÃÅÌÌ ÁÃÔÉÖÉÔÙ ÄÕÒÉÎÇ ÂÁÓÅÌÉÎÅ ÉÎ ÃÏÎÔÒÏÌ ÁÎÄ ÓÈ0$ÙÎ ÍÉÃÅȢ 
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p=0.3108), suggesting that vmPFC Dyn does not affect how the larger vmPFC population 

processes novel auditory input. Next, we sought to determine if vmPFC Dyn affects vmPFC 

activity during the shock period. To test this, we computed the mean activit y of each 

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

responses across groups. Here, we found a significant difference in the distribution of the 

&ÉÇÕÒÅ υρȡ $ÙÎ ÒÅÇÕÌÁÔÅÓ ÖÍ0&# ÒÅÓÐÏÎÓÅÓ ÔÏ ÕÎÃÏÎÄÉÔÉÏÎÅÄ ÓÔÉÍÕÌÉȟ ÂÕÔ 
ÎÏÔ ÉÎÎÏÃÕÏÕÓ ÃÕÅÓȢ  
4ÈÅ ÈÅÁÔÍÁÐÓ ÁÔ ÌÅÆÔ ÓÈÏ× ÔÈÅ ÁÃÔÉÖÉÔÙ ÏÆ ÁÌÌ ÒÅÃÏÒÄÅÄ ÃÅÌÌÓ ÉÎ ÓÈ#ÔÒÌ ɉÌÅÆÔ 
ÈÅÁÔÍÁÐɊ ÁÎÄ ÓÈ0$ÙÎ ɉÒÉÇÈÔ ÈÅÁÔÍÁÐɊ ÍÉÃÅ ÏÎ 4ÒÉÁÌ ρ ÏÆ ÆÅÁÒ ÃÏÎÄÉÔÉÏÎÉÎÇȢ 
4ÈÅ ÃÅÌÌÓ ÁÒÅ ÓÏÒÔÅÄ ÂÙ ÔÈÅÉÒ ÒÅÓÐÏÎÓÉÖÉÔÙ ÔÏ ÔÈÅ ÓÈÏÃË ÏÆ 4ÒÉÁÌ ρȢ #ÕÍÕÌÁÔÉÖÅ 
ÐÒÏÂÁÂÉÌÉÔÙ ÃÕÒÖÅÓ ɉÒÉÇÈÔɊ ÒÅÖÅÁÌÅÄ ÎÏ ÄÉÆÆÅÒÅÎÃÅ ÂÅÔ×ÅÅÎ ÓÈ#ÔÒÌ ÁÎÄ 
ÓÈ0$ÙÎ ÍÉÃÅ ÉÎ ÒÅÓÐÏÎÓÅ ÔÏ ÔÈÅ ÔÏÎÅ #3 ÏÆ 4ÒÉÁÌ ρȢ $ÉÆÆÅÒÅÎÃÅÓ ÉÎ ÒÅÓÐÏÎÓÅ ÔÏ 
ÔÈÅ ÓÈÏÃË 53 ×ÅÒÅ ÏÂÓÅÒÖÅÄȟ ×ÉÔÈ ÓÈ#ÔÒÌ ÍÉÃÅ ÇÅÎÅÒÁÌÌÙ ÄÉÓÐÌÁÙÉÎÇ Á ÇÒÅÁÔÅÒ 
ÒÁÎÇÅ ÏÆ ÂÏÔÈ ÅØÃÉÔÁÔÏÒÙ ÁÎÄ ÉÎÈÉÂÉÔÏÒÙ ÒÅÓÐÏÎÓÅÓ ÔÏ ÔÈÅ ÓÈÏÃËȢ 
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neural activity between shPDyn mice and controls (Kolmogorov-Smirnov test; D=0.09809, 

p=0.0006). The cumulative distribution revealed constrained vmPFC activity in shPDyn 

mice, as neurons from shPDyn mice exhibited both reduced activation and reduced 

inhibition during the first shock. Finally, we analyzed the z-scored 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 CS-US 

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 window. In contrast to exposure to the innocuous tone on 

&ÉÇÕÒÅ υςȡ $ÙÎ ÓÃÕÌÐÔÓ ÖÍ0&# ÒÅÓÐÏÎÓÅÓ ÔÏ ÃÏÎÄÉÔÉÏÎÅÄ ÓÔÉÍÕÌÉȢ  
4ÈÅ ÈÅÁÔÍÁÐÓ ÁÔ ÌÅÆÔ ÓÈÏ× ÔÈÅ ÁÃÔÉÖÉÔÙ ÏÆ ÁÌÌ ÒÅÃÏÒÄÅÄ ÃÅÌÌÓ ÉÎ ÓÈ#ÔÒÌ ɉÌÅÆÔ 
ÈÅÁÔÍÁÐɊ ÁÎÄ ÓÈ0$ÙÎ ɉÒÉÇÈÔ ÈÅÁÔÍÁÐɊ ÍÉÃÅ ÏÎ 4ÒÉÁÌ φ ÏÆ ÆÅÁÒ ÃÏÎÄÉÔÉÏÎÉÎÇȢ 4ÈÅ 
ÃÅÌÌÓ ÁÒÅ ÓÏÒÔÅÄ ÂÙ ÔÈÅÉÒ ÒÅÓÐÏÎÓÉÖÉÔÙ ÔÏ ÔÈÅ ÓÈÏÃË ÏÆ 4ÒÉÁÌ ρ ɉÉȢÅȢ ÓÁÍÅ ÏÒÄÅÒÉÎÇ ÁÓ 
ÐÒÅÖÉÏÕÓ ПÉÇÕÒÅɊȢ #ÕÍÕÌÁÔÉÖÅ ÐÒÏÂÁÂÉÌÉÔÙ ÃÕÒÖÅÓ ɉÒÉÇÈÔɊ ÒÅÖÅÁÌÅÄ ÄÉÆÆÅÒÅÎÃÅÓ ÉÎ 
ÒÅÓÐÏÎÓÅ ÔÏ ÔÈÅ ÓÈÏÃË 53ȟ ÃÏÎÓÉÓÔÅÎÔ ×ÉÔÈ ×ÈÁÔ ×ÁÓ ÐÒÅÖÉÏÕÓÌÙ ÏÂÓÅÒÖÅÄ ÆÏÒ 4ÒÉÁÌ 
ρȢ (Ï×ÅÖÅÒȟ ÔÈÅ ÔÏÎÅ #3 ÏÎ 4ÒÉÁÌ φ ÄÏÅÓ ÅÖÏËÅ ÄÉÆÆÅÒÅÎÔÉÁÌ ÒÅÓÐÏÎÓÅÓ ÉÎ ÓÈ#ÔÒÌ ÁÎÄ 
ÓÈ0$ÙÎ ÍÉÃÅȟ ÓÕÇÇÅÓÔÉÎÇ ÔÈÁÔ $ÙÎ ÇÏÖÅÒÎÓ ÇÅÎÅÒÁÌ ÖÍ0&# ÁÃÔÉÖÉÔÙ ÄÕÒÉÎÇ ÔÈÒÅÁÔȢ 
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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 well, much 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 Dyn (Kolmogorov-

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, and that loss of vmPFC Dyn compresses the range of neuronal 

responses to threats and threat-predictive cues. 

  



97 

 

2.3: PDyn knockdown regulates state space of vmPFC network responses following 

threat exposure  

In a separate analysis, we investigated how population activity changed on a mouse-

by-mouse basis. To begin, we used principal components analysis (PCA) to project the 

neural activity of each mouse throughout the entire session onto a 2D plane (Figure 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 with no consistently discernible 

patterns. This led us to suspect that Dyn mediates vmPFC state transitions upon exposure 

to threats.  

To test whether Dyn is critical for state transitions during threat exposure, we first 

defined two task-relevant periods. Here, we labeled the first 328 seconds (5 minute true 

&ÉÇÕÒÅ υσȡ 4ÈÅ ÓÔÁÔÅ ÓÐÁÃÅ ÏÆ ÖÍ0&# ÎÅÕÒÏÎÓ ÓÈÉÆÔÓ ÄÕÒÉÎÇ ÆÅÁÒ 
ÃÏÎÄÉÔÉÏÎÉÎÇȢ  
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 
shock is less appreciable. 
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ÂÁÓÅÌÉÎÅ Ϲ ςψ ÓÅÃÏÎÄÓ ÏÆ ÔÏÎÅ ÏÎ 4ÒÉÁÌ ρɊ ÁÓ Ȱ"ÁÓÅÌÉÎÅȱ ÁÎÄ ÁÌÌ ÒÅÍÁÉÎÉÎÇ ÔÉÍÅÐÏÉÎÔÓ ɉÆÒÏÍ 

ÔÈÅ ÏÎÓÅÔ ÏÆ ÔÈÅ ÆÉÒÓÔ ÓÈÏÃË ÕÎÔÉÌ ÔÈÅ ÅÎÄ ÏÆ ÔÈÅ ÓÅÓÓÉÏÎɊ ÁÓ Ȱ0ÏÓÔ-ÂÁÓÅÌÉÎÅȱ ɉFigure 54: Dyn 

downregulation constrains vmPFC activity in the presence of threa t. ). We then 

identified the centroids of each period and computed the Mahalanobis distance between 

the two centroids. Mahalanobis distances between the baseline and post-baseline 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 a logistic regression-based classifier to decode these 

two epochs of the task. Here, we input the labeled PC values at each timepoint into the 
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classifier and challenged it to classify unseen PC values as either Ȱ"ÁÓÅÌÉÎÅȱ ÏÒ Ȱ0ÏÓÔ-

ÂÁÓÅÌÉÎÅȱȢ 4Ï ÏÂÔÁÉÎ Á ÒÅÌÉÁÂÌÅ ÓÃÏÒÅ ÏÆ ÁÃÃÕÒÁÃÙ ÆÏÒ ÔÈÅ ÍÏÄÅÌȟ we shuffled the labeled 

values in line with a 10-fold stratified cross-validation scheme and computed the mean of 

these 10 iterations for each mouse. Note that because roughly two-thirds of the task is 

ÃÏÎÓÉÄÅÒÅÄ Ȱ0ÏÓÔ-ÂÁÓÅÌÉÎÅȱȟ ÃÈÁÎÃÅ ÌÅÖÅÌÓ ÆÏÒ Á ÃÌÁÓÓÉÆÅÒ ÁÒÅ ÁÂÏÕÔ φχϷȟ ÁÓ ÔÈÅ ÍÏÄÅÌ ÃÏÕÌÄ 

ÔÈÅÏÒÅÔÉÃÁÌÌÙ ÌÁÂÅÌ ÁÌÌ ÐÏÉÎÔÓ ÁÓ Ȱ0ÏÓÔ-ÂÁÓÅÌÉÎÅȱ ÁÎÄ ÂÅ ÃÏÒÒÅÃÔ Ô×Ï-thirds of the time. For 

control mice, the classifier exhibited 96.6% accuracy, but it broke down for shPDyn mice, 

achieving an accuracy of only 83.7% (Two-way ANOVA; Data Main Effect, F (1, 18) = 53.86, 

&ÉÇÕÒÅ υτȡЮ$ÙÎ ÄÏ×ÎÒÅÇÕÌÁÔÉÏÎ ÃÏÎÓÔÒÁÉÎÓ ÖÍ0&# ÁÃÔÉÖÉÔÙ ÉÎ ÔÈÅ 
ÐÒÅÓÅÎÃÅ ÏÆ ÔÈÒÅÁÔȢ  
4ÏÐ ÌÅÆÔ ÐÁÎÅÌȡ ÖÍ0&# ÓÔÁÔÅ ÓÐÁÃÅ ÆÏÒ ÒÅÐÒÅÓÅÎÔÁÔÉÖÅ ÃÏÎÔÒÏÌ ɉÌÅÆÔɊ ÁÎÄ 
ÓÈ0$ÙÎ ɉÒÉÇÈÔɊ ÍÉÃÅȟ ÓÅÐÁÒÁÔÅÄ ÉÎÔÏ "ÁÓÅÌÉÎÅ ɉÂÌÁÃËɊ ÏÒ 0ÏÓÔȤÂÁÓÅÌÉÎÅ 
ÓÔÁÔÅÓ ɉÒÅÄɊȢ 0ÏÉÎÔÓ ÉÎÄÉÃÁÔÅ ÔÈÅ ÃÅÎÔÒÏÉÄÓ ÏÆ ÅÁÃÈ ÔÉÍÅ ×ÉÎÄÏ×Ȣ "ÏÔÔÏÍ ÌÅÆÔ 
ÐÁÎÅÌȡ .ÏÒÍÁÌÉÚÅÄ ÄÉÓÔÁÎÃÅ ÂÅÔ×ÅÅÎ ÔÈÅ ÃÅÎÔÒÏÉÄÓ ×ÁÓ ÌÏ×ÅÒ ÉÎ ÓÈ0$ÙÎ 
ÍÉÃÅȟ ÓÕÇÇÅÓÔÉÎÇ ÔÈÁÔ ÔÈÅ ÓÔÁÔÅ ÓÐÁÃÅ ÏÆ ÖÍ0&# ÁÃÔÉÖÉÔÙ ÉÓ ÃÏÎÓÔÒÁÉÎÅÄ ÉÎ 
ÔÈÅ ÁÂÓÅÎÃÅ ÏÆ $ÙÎȢ 2ÉÇÈÔ ÐÁÎÅÌȡ ! ÌÏÇÉÓÔÉÃ ÒÅÇÒÅÓÓÉÏÎ ÃÌÁÓÓÉПÉÅÒ ÁÃÃÕÒÁÔÅÌÙ 
ÐÒÅÄÉÃÔÓ "ÁÓÅÌÉÎÅ ÏÒ 0ÏÓÔȤÂÁÓÅÌÉÎÅ ÓÔÁÔÅÓ ÆÒÏÍ ÔÈÅ 0#ρ ÁÎÄ 0#ς ÖÁÌÕÅÓ ÆÏÒ 
ÃÏÎÔÒÏÌ ÍÉÃÅȟ ÂÕÔ ÐÅÒÆÏÒÍÓ ÐÏÏÒÌÙ ÆÏÒ ÓÈ0$ÙÎ ÍÉÃÅȟ ÓÕÇÇÅÓÔÉÎÇ ÔÈÁÔ ÌÁÃË ÏÆ 
0$ÙÎ ÉÍÐÁÉÒÓ ÔÈÅ ÁÂÉÌÉÔÙ ÏÆ ÖÍ0&# ÔÏ ÉÓÏÌÁÔÅ ÔÈÒÅÁÔÓȢ 
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p<0.0001; shRNA Main Effect, F (1, 18) = 3.197; p=0.0906; Bonferroni's Post Hoc test shCtrl 

vs. shPDyn p=0.0419). Taken together, this indicates that Dyn enables the separation of 

innocuous or non-threatening states from defensive states triggered by threats or 

stressors. 
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2.4: PDyn knockdown impairs vmPFC  network synchrony following threat exposure  

In a final analysis of this dataset, we assessed how correlated activity within the 

vmPFC changes on a moment-by-moment basis throughout fear conditioning. Here, we 

ÄÅÆÉÎÅÄ ÃÏÒÒÅÌÁÔÅÄ ÁÃÔÉÖÉÔÙ ÁÓ ÔÈÅ ÐÁÉÒ×ÉÓÅ 0ÅÁÒÓÏÎ ÃÏÒÒÅÌÁÔÉÏÎ ÃÏÅÆÆÉÃÉÅÎÔÓ ɉ0ÅÁÒÓÏÎȭÓ ÒɊ ÏÆ 

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 what we observed in the 

PCA-based approach above, that control mice exhibited high correlated activity following 

the onset of the first shock, whereas shPDyn exhibited lower correlated activity (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. 

&ÉÇÕÒÅ υυȡЮ#ÏÒÒÅÌÁÔÅÄ ÁÃÔÉÖÉÔÙ ÉÎ ÖÍ0&# ÓÈÉÆÔÓ ÆÏÌÌÏ×ÉÎÇ ÔÈÒÅÁÔ ÅØÐÏÓÕÒÅȢ  

0ÁÉÒ×ÉÓÅ 0ÅÁÒÓÏÎȭÓ ÃÏÒÒÅÌÁÔÉÏÎ ÏÆ ÎÅÕÒÏÎÁÌ ÁÃÔÉÖÉÔÙ ÁÔ ÅÁÃÈ ÆÒÁÍÅ ÐÁÉÒ ɉÁÇÇÒÅÇÁÔÅÄ 
ÁÃÒÏÓÓ ÍÉÃÅɊȢ 7ÈÉÌÅ ÔÈÅ ПÉÒÓÔ ÓÈÏÃË ÉÎÃÒÅÁÓÅÓ ÃÏÒÒÅÌÁÔÅÄ ÁÃÔÉÖÉÔÙ ÉÎ ÂÏÔÈ ÃÏÎÔÒÏÌ ÁÎÄ 
ÓÈ0$ÙÎ ÍÉÃÅ ÁÂÏÖÅ ÂÁÓÅÌÉÎÅ ÖÁÌÕÅÓȟ ÔÈÅ ÉÎÃÒÅÁÓÅ ÉÓ ÍÏÒÅ ÐÒÏÍÉÎÅÎÔ ÉÎ ÃÏÎÔÒÏÌ ÍÉÃÅȟ 
ÓÕÇÇÅÓÔÉÎÇ ÔÈÁÔ ËÎÏÃËÄÏ×Î ÏÆ $ÙÎ ÓÕÐÐÒÅÓÓÅÓ ÖÍ0&# ÓÙÎÃÈÒÏÎÙ ÉÎ ÒÅÓÐÏÎÓÅ ÔÏ ÔÈÒÅÁÔȢ 
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To quantify how these correlations varied throughout the task, we extracted the 

ÍÅÁÎ 0ÅÁÒÓÏÎȭÓ r at task-relevant epochs defined below. First, we investigated how the 

correlated activity varies within  each tone, shock, or inter-trial interval (ITI) throughout 

the task (Figure 56: Dyn promotes correlated activity within the vmPFC during 

threat -predictive cues as well as ITIs. ). 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 ANOVA; shRNA Main Effect, F (1, 6) = 

6.828, p=0.0400).  Correlated activity during the shocks did not differ across groups (RM 

two-way ANOVA; shRNA Main Effect, F (1, 6) = 0.3320, p=0.5855). Interestingly, correlated 

activity during the ITI was consistently suppressed in the shPDyn mice (RM two-way 

ANOVA; shRNA Main Effect, F (1, 6) = 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 ITIs, this may suggest that correlated activity within 

vmPFC circuits, which is mediated by Dyn, is important for suppressing freezing behavior 

during the ITI.  

&ÉÇÕÒÅ υφȡ $ÙÎ ÐÒÏÍÏÔÅÓ ÃÏÒÒÅÌÁÔÅÄ ÁÃÔÉÖÉÔÙ ×ÉÔÈÉÎ ÔÈÅ ÖÍ0&# ÄÕÒÉÎÇ ÔÈÒÅÁÔȤ
ÐÒÅÄÉÃÔÉÖÅ ÃÕÅÓ ÁÓ ×ÅÌÌ ÁÓ )4)ÓȢ  
,ÅÆÔȡ -ÅÁÎ 0ÅÁÒÓÏÎȭÓ ÃÏÒÒÅÌÁÔÉÏÎÓ ÉÎ ÓÈ#ÔÒÌ ÍÉÃÅ ÁÎÄ ÓÈ0$ÙÎ ÍÉÃÅ ÄÏ ÎÏÔ ÄÉÆÆÅÒ ÉÎ 
ÒÅÓÐÏÎÓÅ ÔÏ ÔÈÅ ÓÈÏÃË 53Ȣ -ÉÄÄÌÅȡ -ÅÁÎ 0ÅÁÒÓÏÎȭÓ ÃÏÒÒÅÌÁÔÉÏÎÓ ÄÕÒÉÎÇ ÔÈÅ ÔÏÎÅ ÁÒÅ 
ÉÍÐÁÉÒÅÄ ÉÎ ÓÈ0$ÙÎ ÍÉÃÅ ÒÅÌÁÔÉÖÅ ÔÏ ÓÈ#ÔÒÌ ÍÉÃÅȢ 2ÉÇÈÔȡ -ÅÁÎ 0ÅÁÒÓÏÎȭÓ ÃÏÒÒÅÌÁÔÉÏÎÓ ÉÎ 
ÓÈ0$ÙÎ ÍÉÃÅ ÁÒÅ ÉÍÐÁÉÒÅÄ ÃÏÎÓÉÓÔÅÎÔÌÙ ÔÈÒÏÕÇÈÏÕÔ )4)Ó ÒÅÌÁÔÉÖÅ ÔÏ ÃÏÎÔÒÏÌ ÍÉÃÅȢ 
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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 this end, we ÃÏÍÐÕÔÅÄ ÔÈÅ ÍÅÁÎ 0ÅÁÒÓÏÎȭÓ Ò ÏÆ ÅÁÃÈ ÅÐÏÃÈ ÔÙÐÅ ÏÎ 4ÒÉÁÌ ρ 

(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.) (Figure 57: Dyn promotes reactivation of similar 

vmPFC ensembles during threat exposure. ). In both groups, correlated activity across 

successive tones was consistently low (RM two-way ANOVA; shRNA 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 tones. Next, we compared 

the population engaged at the first shock across successive shocks. Here, controls and 

shPDyn mice exhibited similar mean correlation values (RM two-way ANOVA; shRNA Main 

Effect, F (1, 6) = 0.1791, p=0.6869), suggesting that vmPFC processing of the shock period 

is not impaired with loss of Dyn. Finally, we examined the correlation of the activity of the 

&ÉÇÕÒÅ υχȡ $ÙÎ ÐÒÏÍÏÔÅÓ ÒÅÁÃÔÉÖÁÔÉÏÎ ÏÆ ÓÉÍÉÌÁÒ ÖÍ0&# ÅÎÓÅÍÂÌÅÓ ÄÕÒÉÎÇ ÔÈÒÅÁÔ 
ÅØÐÏÓÕÒÅȢ  

,ÅÆÔȡ -ÅÁÎ 0ÅÁÒÓÏÎȭÓ ÃÏÒÒÅÌÁÔÉÏÎÓ ÏÆ 3ÈÏÃË ρ ÁÎÄ ÓÕÂÓÅÑÕÅÎÔ ÓÈÏÃË ×ÉÎÄÏ×Ó ÁÒÅ ÓÉÍÉÌÁÒ 
ÁÃÒÏÓÓ ÓÈ#ÔÒÌ ÁÎÄ ÓÈ0$ÙÎ ÍÉÃÅȢ -ÉÄÄÌÅȡ ,Ï× 0ÅÁÒÓÏÎȭÓ ÃÏÒÒÅÌÁÔÉÏÎÓ ÂÅÔ×ÅÅÎ 4ÏÎÅ ρ ÁÎÄ 
ÏÔÈÅÒ ÔÏÎÅÓ ÓÕÇÇÅÓÔ ÔÈÁÔ ÓÅÐÁÒÁÔÅ ÅÎÓÅÍÂÌÅÓ ÁÒÅ ÒÅÃÒÕÉÔÅÄ ÁÔ ÓÕÂÓÅÑÕÅÎÔ ÔÏÎÅÓȢ 2ÉÇÈÔȡ 
-ÅÁÎ 0ÅÁÒÓÏÎȭÓ ÃÏÒÒÅÌÁÔÉÏÎÓ ÏÆ ÔÈÅ ПÉÒÓÔ )4) ×ÉÔÈ ÓÕÂÓÅÑÕÅÎÔ )4)Ó ÁÒÅ ÉÍÐÁÉÒÅÄ ÉÎ ÓÈ0$ÙÎ 
ÍÉÃÅȟ ÓÕÇÇÅÓÔÉÎÇ ÔÈÁÔ $ÙÎ ÓÕÐÐÏÒÔÓ ÒÅÁÃÔÉÖÁÔÉÏÎ ÏÆ ÓÉÍÉÌÁÒ ÐÏÐÕÌÁÔÉÏÎÓ ÏÆ ÎÅÕÒÏÎÓ ÁÃÒÏÓÓ 
)4) ÅÐÏÃÈÓȢ 
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first ITI with successive ITIs (RM two-way ANOVA; shRNA Main Effect, F (1, 6) = 9.971, 

p=0.0196). Here we again observed a deficit in mean correlation values in shPDyn mice, 

suggesting that different populations of neurons are engaged outside of the CS and US 

periods.  

Together, this analysis identified a role of vmPFC Dyn in regulating synchrony of 

vmPFC networks in response to threats and threat-predictive cues. The diminished 

correlated activity during the CS and ITI in shPDyn mice suggests that Dyn impairs the 

ability of vmPFC circuits to suppress threat responses during non-threatening epochs. 

These findings complement the behavioral data previously obtained by our lab, which 

found a persistent increase in freezing behavior in shPDyn mice in response to 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 threat-predictive 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 of vmPFC Dyn in modulating threat 

responses in mice, building upon previous work from our lab. These investigations 

revealed several key findings that enhance our understanding of the vmPFC Dyn system in 

regulating broader network activity and downstream behavior. 

First, we confirmed that Dyn is a critical modulator of neuronal activity in the 

vmPFC in response to acute threats and threat-predictive cues. This was evident from the 

single-cell analysis, which revealed reduced activation and inhibition in vmPFC neurons 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 highlights the role of 

vmPFC in suppressing responses to threats and highlights a crucial role of Dyn in shaping 

neuronal responses during threat conditioning. 

Second, these findings revealed that 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 states. Results 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 impaired correlated activity in the broader 

vmPFC network, suggesting a 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 ITIs 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. 

 

  



107 

 

2.6: Investigating the Dyn/KOR system within the vmPFC -BLA pathway as a 

candidate mediator of threat responses  

While Dyn- and KOR-expressing 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 on the 

anatomy of this projection pathway. To address this, we injected red retrobeads into the 

BLA of wild-type C57/Bl6J 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 OPRK1 populations are largely 

non-overlapping (Figure 58: BLA-projecting vmPFC Dyn and OPRK1 neurons are 

&ÉÇÕÒÅ υψȡ ",!ȤÐÒÏÊÅÃÔÉÎÇ ÖÍ0&# $ÙÎ ÁÎÄ /02+ρ ÎÅÕÒÏÎÓ ÁÒÅ ÓÐÁÔÉÁÌÌÙ ÓÅÇÒÅÇÁÔÅÄȢ 
,ÅÆÔȡ 3ÃÁÔÔÅÒ ÐÌÏÔ ÏÆ ",!ȤÐÒÏÊÅÃÔÉÎÇ ÖÍ0&# ÎÅÕÒÏÎÓ ÌÁÂÅÌÅÄ ÂÙ $ÙÎ ÁÎÄ /02+ρ 
ÅØÐÒÅÓÓÉÏÎȢ  -ÁÒÇÉÎÁÌÓ ÄÉÓÐÌÁÙ ËÅÒÎÅÌ ÄÅÎÓÉÔÙ ÅÓÔÉÍÁÔÅ ɉ+$%Ɋ ÐÌÏÔÓ ÆÏÒ ÅÁÃÈ ÐÏÐÕÌÁÔÉÏÎȢ 
4ÏÐ ÒÉÇÈÔȡ 2ÅÌÁÔÉÖÅ ÁÂÕÎÄÁÎÃÅÓ ÏÆ ÅÁÃÈ ÐÒÏÊÅÃÔÉÏÎ ÓÕÂÐÏÐÕÌÁÔÉÏÎȢ "ÏÔÔÏÍ ÒÉÇÈÔȡ 
%ÍÐÉÒÉÃÁÌ ÃÕÍÕÌÁÔÉÖÅ ÄÉÓÔÒÉÂÕÔÉÏÎ ÆÕÎÃÔÉÏÎÓ ɉ%#$&ÓɊ ÏÆ ÅÁÃÈ ÓÕÂÐÏÐÕÌÁÔÉÏÎȢ 
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spatially segregated. ). Neurons expressing PDyn comprise about one quarter of the total 

vmPFC projections to the BLA, with OPRK1-expressing neurons contributing another 12%. 

PDyn and OPRK1 populations are also spatially segregated. Most PDyn neurons reside in 

superficial cortical layers, primarily in layer 2/3, while OPRK1 neurons are mostly located 

in deeper layers such as layer 5.  

The layer specificity of PDyn and OPRK1 populations in the vmPFC has several 

potential implications for the function of the vmPFC-BLA 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 release in the BLA may be influenced by top-down control from higher-

order cortical areas, as layer 2/3 receives feedback projections from these regions (Harris 

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 

vmPFC-BLA 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 

abundance of PDyn neurons here suggests that the Dyn/KOR system may be involved in 

experience-dependent modifications of vmPFC-BLA 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 downstream subcortical targets.  

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

provides a framework for understanding the complex modulatory effects of the Dyn/KOR 
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system on the vmPFC-BLA circuit. Further research is needed to elucidate the specific 

functional roles of these neuronal populations and their implications for emotional 

processing, motivation, and behavior. In the following experiments, we focused on the 

PDyn-expressing vmPFC-BLA 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 BLA-projecting 

&ÉÇÕÒÅ υωȡ $ÅÌÅÔÉÏÎ ÏÆ 0$ÙÎ ÉÎ ÔÈÅ ÖÍ0&#Ȥ",! ÐÁÔÈ×ÁÙ ÄÏÅÓ ÎÏÔ ÁÆÆÅÃÔ ÒÅ×ÁÒÄ 
ÌÅÁÒÎÉÎÇȢ  
Top left: Nosepoking on the first day of reward learning is similar between sgPDyn mice 
and controls. Top center: Time on platform during the first day of reward learning is not 
affected by Dyn deletion. Top right: Freezing behavior on the first day of reward 
learning is similar between sgPDyn mice and controls. Bottom left: Nosepoking on the 
fifth day of reward learning is similar between sgPDyn mice and controls. Bottom 
center: Time on platform during the first day of reward learning is not affected by Dyn 
deletion. Bottom right: Freezing behavior on the first day of reward learning is similar 
between sgPDyn mice and controls. 
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vmPFC neurons, we injected the BLA of C57/Bl6J mice with a retrograde CAV-Cre alongside 

either a control saline injection or an AAV5-FLEX-sgPDyn-saCas9 into the vmPFC.  We 

tested mice using PMA procedures as previously detailed. Briefly, mice were run through 5 

days of reward learning, followed by 10 days of variable conflict and an additional 5 days of 

high conflict, during which only co-presentations of reward-predictive light cues and 

shock-predictive tone cues perfectly overlapped.  

4Ï ÁÓÓÅÓÓ ×ÈÅÔÈÅÒ 0$ÙÎ ÉÎ ÔÈÅ ÖÍ0&#Ȥ",! ÐÁÔÈ×ÁÙ ÉÓ ÎÅÃÅÓÓÁÒÙ ÆÏÒ ÒÅ×ÁÒÄ 

ÌÅÁÒÎÉÎÇȟ ×Å ÃÏÍÐÁÒÅÄ ÔÈÅ ÐÅÒÆÏÒÍÁÎÃÅ ÏÆ ÍÉÃÅ ×ÉÔÈ #2)302ȤÍÅÄÉÁÔÅÄ ÄÅÌÅÔÉÏÎ ÏÆ 0$ÙÎ 

ɉÓÇ0$ÙÎɊ ÔÏ ÃÏÎÔÒÏÌ ÍÉÃÅ ÄÕÒÉÎÇ ÔÈÅ ÒÅ×ÁÒÄ ÔÒÁÉÎÉÎÇ ÐÈÁÓÅ ÏÆ ÔÈÅ 0-! ÔÁÓËȢ /Î $ÁÙ ρ ÏÆ 

ÒÅ×ÁÒÄ ÔÒÁÉÎÉÎÇȟ ÓÇ0$ÙÎ ÁÎÄ ÃÏÎÔÒÏÌ ÍÉÃÅ ÅØÈÉÂÉÔÅÄ ÓÉÍÉÌÁÒ ÔÉÍÅ ÎÏÓÅ ÐÏËÉÎÇȟ ÔÉÍÅ ÏÎ ÔÈÅ 

ÐÌÁÔÆÏÒÍȟ ÁÎÄ ÔÉÍÅ ÆÒÅÅÚÉÎÇ ÄÕÒÉÎÇ ÌÉÇÈÔ ÃÕÅÓ ɉ&ÉÇÕÒÅ ωύȡ $ÅÌÅÔÉÏÎ ÏÆ 0$ÙÎ ÉÎ ÔÈÅ ÖÍ0&#Ȥ

",! ÐÁÔÈ×ÁÙ ÄÏÅÓ ÎÏÔ ÁÆÆÅÃÔ ÒÅ×ÁÒÄ ÌÅÁÒÎÉÎÇȢ ɊȢ 3ÉÍÉÌÁÒÌÙȟ ÏÎ $ÁÙ υ ÏÆ ÒÅ×ÁÒÄ ÌÅÁÒÎÉÎÇȟ 

ÂÏÔÈ ÇÒÏÕÐÓ ÓÈÏ×ÅÄ ÃÏÍÐÁÒÁÂÌÅ ÌÅÖÅÌÓ ÏÆ ÎÏÓÅ ÐÏËÉÎÇȟ ÐÌÁÔÆÏÒÍ ÔÉÍÅȟ ÁÎÄ ÆÒÅÅÚÉÎÇ ÄÕÒÉÎÇ 

ÌÉÇÈÔ ÃÕÅÓȢ 4ÈÅÓÅ ÒÅÓÕÌÔÓ ÓÕÇÇÅÓÔ ÔÈÁÔ ÄÅÌÅÔÉÏÎ ÏÆ 0$ÙÎ ÉÎ ÔÈÅ ÖÍ0&#Ȥ",! ÐÁÔÈ×ÁÙ ÄÏÅÓ ÎÏÔ 

ÁÆÆÅÃÔ ÔÈÅ ÁÃÑÕÉÓÉÔÉÏÎ ÏÒ ÅØÐÒÅÓÓÉÏÎ ÏÆ ÒÅ×ÁÒÄȤÓÅÅËÉÎÇ ÂÅÈÁÖÉÏÒ ÉÎ ÔÈÅ ÁÂÓÅÎÃÅ ÏÆ ÁÖÅÒÓÉÖÅ 

ÓÔÉÍÕÌÉȢ 
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.ÅØÔȟ ×Å ÉÎÖÅÓÔÉÇÁÔÅÄ ÔÈÅ ÒÏÌÅ ÏÆ 0$ÙÎ ÉÎ ÔÈÅ ÖÍ0&#Ȥ",! ÐÁÔÈ×ÁÙ ÉÎ ÁÐÐÒÏÁÃÈȤ

ÁÖÏÉÄÁÎÃÅ ÃÏÎПÌÉÃÔ ÒÅÓÏÌÕÔÉÏÎ ÂÙ ÅØÐÏÓÉÎÇ ÓÇ0$ÙÎ ÁÎÄ ÃÏÎÔÒÏÌ ÍÉÃÅ ÔÏ ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔ 

ÔÒÁÉÎÉÎÇȟ ×ÈÅÒÅ ÒÅ×ÁÒÄȤÐÒÅÄÉÃÔÉÖÅ ÌÉÇÈÔ ÃÕÅÓ ×ÅÒÅ ÉÎÔÅÒÍÉØÅÄ ×ÉÔÈ ÓÈÏÃËȤÐÒÅÄÉÃÔÉÖÅ ÔÏÎÅ 

ÃÕÅÓȢ /Î ÔÈÅ ПÉÒÓÔ ÄÁÙ ÏÆ ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔ ÔÒÁÉÎÉÎÇ ɉ&ÉÇÕÒÅ φπȡ $ÅÌÅÔÉÏÎ ÏÆ 0$ÙÎ ÉÎ ÖÍ0&#Ȥ

",! ÐÁÔÈ×ÁÙ ÈÁÓ ÍÉÎÉÍÁÌ ÅÆÆÅÃÔÓ ÏÎ ÃÏÎПÌÉÃÔ ÒÅÓÏÌÕÔÉÏÎ ÅÁÒÌÙ ÉÎ ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔ 

&ÉÇÕÒÅ φπȡ $ÅÌÅÔÉÏÎ ÏÆ 0$ÙÎ ÉÎ ÖÍ0&#Ȥ",! ÐÁÔÈ×ÁÙ ÈÁÓ ÍÉÎÉÍÁÌ ÅÆÆÅÃÔÓ ÏÎ ÃÏÎПÌÉÃÔ 
ÒÅÓÏÌÕÔÉÏÎ ÅÁÒÌÙ ÉÎ ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔ ÔÒÁÉÎÉÎÇȢ  
Left column: Nosepoking on the first day of variable conflict is similar between sgPDyn 
mice and controls across trial types. Center column: Time on platform during the first 
day of variable conflict is slightly reduced in sgPDyn mice across trial types. Right 
column: Freezing on the first day of variable conflict is similar between sgPDyn mice and 
controls across trial types.   
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ÔÒÁÉÎÉÎÇȢ Ɋȟ ÄÕÒÉÎÇ ÌÉÇÈÔ ÃÕÅÓȟ ×Å ÏÂÓÅÒÖÅÄ ÎÏ ÄÉÆÆÅÒÅÎÃÅÓ ÂÅÔ×ÅÅÎ ÓÇ0$ÙÎ ÁÎÄ ÃÏÎÔÒÏÌ ÍÉÃÅ 

ÉÎ ÎÏÓÅ ÐÏËÉÎÇ ÏÒ ÐÅÒÃÅÎÔ ÆÒÅÅÚÉÎÇȢ (Ï×ÅÖÅÒȟ ÓÇ0$ÙÎ ÍÉÃÅ ÓÐÅÎÔ ÓÌÉÇÈÔÌÙ ÌÅÓÓ ÔÉÍÅ ÏÎ ÔÈÅ 

ÐÌÁÔÆÏÒÍ ÃÏÍÐÁÒÅÄ ÔÏ ÃÏÎÔÒÏÌÓȢ $ÕÒÉÎÇ ÔÏÎÅ ÃÕÅÓȟ ÓÇ0$ÙÎ ÍÉÃÅ ÁÇÁÉÎ ÓÈÏ×ÅÄ Á ÓÍÁÌÌ 

ÒÅÄÕÃÔÉÏÎ ÉÎ ÐÌÁÔÆÏÒÍ ÔÉÍÅȟ ÂÕÔ ÎÏ ÄÉÆÆÅÒÅÎÃÅÓ ÉÎ ÎÏÓÅ ÐÏËÉÎÇ ÏÒ ÆÒÅÅÚÉÎÇȢ 3ÉÍÉÌÁÒÌÙȟ ÄÕÒÉÎÇ 

ÃÏȤÐÒÅÓÅÎÔÁÔÉÏÎ ÔÒÉÁÌÓ ×ÈÅÒÅ ÌÉÇÈÔ ÁÎÄ ÔÏÎÅ ÃÕÅÓ ÏÖÅÒÌÁÐÐÅÄȟ ÓÇ0$ÙÎ ÍÉÃÅ ÓÐÅÎÔ ÓÌÉÇÈÔÌÙ 



114 

 

ÌÅÓÓ ÔÉÍÅ ÏÎ ÔÈÅ ÐÌÁÔÆÏÒÍȟ ÂÕÔ ÓÈÏ×ÅÄ ÃÏÍÐÁÒÁÂÌÅ ÌÅÖÅÌÓ ÏÆ ÎÏÓÅ ÐÏËÉÎÇ ÁÎÄ ÆÒÅÅÚÉÎÇ ÔÏ 

ÃÏÎÔÒÏÌÓȢ 4ÈÅÓÅ ПÉÎÄÉÎÇÓ ÉÎÄÉÃÁÔÅ ÔÈÁÔ #2)302 ÄÅÌÅÔÉÏÎ ÏÆ 0$ÙÎ ÉÎ ÔÈÅ ÖÍ0&#Ȥ",! ÐÁÔÈ×ÁÙ 

ÈÁÓ ÍÉÎÉÍÁÌ ÅÆÆÅÃÔÓ ÏÎ ÔÈÅ ÒÅÓÏÌÕÔÉÏÎ ÏÆ ÁÐÐÒÏÁÃÈȤÁÖÏÉÄÁÎÃÅ ÃÏÎПÌÉÃÔ ÄÕÒÉÎÇ ÔÈÅ ÅÁÒÌÙ 

ÓÔÁÇÅÓ ÏÆ ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔ ÔÒÁÉÎÉÎÇȟ ×ÉÔÈ Á ÓÌÉÇÈÔ ÒÅÄÕÃÔÉÏÎ ÉÎ ÁÖÏÉÄÁÎÃÅ ÂÅÈÁÖÉÏÒ ÉÎ ÓÇ0$ÙÎ 

ÍÉÃÅ ÁÓ ÅÖÉÄÅÎÃÅÄ ÂÙ ÒÅÄÕÃÅÄ ÔÉÍÅ ÏÎ ÐÌÁÔÆÏÒÍȢ  

&ÉÇÕÒÅ φρȡ $ÅÌÅÔÉÏÎ ÏÆ 0$ÙÎ ÉÎ ÔÈÅ ÖÍ0&#Ȥ",! ÐÁÔÈ×ÁÙ ÄÏÅÓ ÎÏÔ ÁÆÆÅÃÔ ÃÏÎПÌÉÃÔ 
ÒÅÓÏÌÕÔÉÏÎ ÌÁÔÅ ÉÎ ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔ ÔÒÁÉÎÉÎÇȢ  
,ÅÆÔ ÃÏÌÕÍÎȡ .ÏÓÅÐÏËÉÎÇ ÏÎ ÔÈÅ ПÉÆÔÈ ÄÁÙ ÏÆ ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔ ÉÓ ÓÉÍÉÌÁÒ ÂÅÔ×ÅÅÎ ÓÇ0$ÙÎ 
ÍÉÃÅ ÁÎÄ ÃÏÎÔÒÏÌÓ ÁÃÒÏÓÓ ÔÒÉÁÌ ÔÙÐÅÓȢ #ÅÎÔÅÒ ÃÏÌÕÍÎȡ 4ÉÍÅ ÏÎ ÐÌÁÔÆÏÒÍ ÄÕÒÉÎÇ ÔÈÅ ПÉÆÔÈ 
ÄÁÙ ÏÆ ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔ ÉÓ ÓÉÍÉÌÁÒ ÂÅÔ×ÅÅÎ ÓÇ0$ÙÎ ÍÉÃÅ ÁÎÄ ÃÏÎÔÒÏÌÓ ÁÃÒÏÓÓ ÔÒÉÁÌ ÔÙÐÅÓȢ 
2ÉÇÈÔ ÃÏÌÕÍÎȡ &ÒÅÅÚÉÎÇ ÏÎ ÔÈÅ ПÉÆÔÈ ÄÁÙ ÏÆ ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔ ÉÓ ÓÉÍÉÌÁÒ ÂÅÔ×ÅÅÎ ÓÇ0$ÙÎ 
ÍÉÃÅ ÁÎÄ ÃÏÎÔÒÏÌÓ ÁÃÒÏÓÓ ÔÒÉÁÌ ÔÙÐÅÓȢ 
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4Ï ÄÅÔÅÒÍÉÎÅ ×ÈÅÔÈÅÒ ÔÈÅ ÒÏÌÅ ÏÆ 0$ÙÎ ÉÎ ÔÈÅ ÖÍ0&#Ȥ",! ÐÁÔÈ×ÁÙ ÉÎ ÃÏÎПÌÉÃÔ 

ÒÅÓÏÌÕÔÉÏÎ ÃÈÁÎÇÅÓ ×ÉÔÈ ÅØÔÅÎÄÅÄ ÔÒÁÉÎÉÎÇȟ ×Å ÅØÁÍÉÎÅÄ ÔÈÅ ÐÅÒÆÏÒÍÁÎÃÅ ÏÆ ÓÇ0$ÙÎ ÁÎÄ 

ÃÏÎÔÒÏÌ ÍÉÃÅ ÏÎ ÔÈÅ ПÉÆÔÈ ÄÁÙ ÏÆ ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔ ÔÒÁÉÎÉÎÇ ɉ&ÉÇÕÒÅ ϊυȡ $ÅÌÅÔÉÏÎ ÏÆ 0$ÙÎ ÉÎ 

ÔÈÅ ÖÍ0&#Ȥ",! ÐÁÔÈ×ÁÙ ÄÏÅÓ ÎÏÔ ÁÆÆÅÃÔ ÃÏÎПÌÉÃÔ ÒÅÓÏÌÕÔÉÏÎ ÌÁÔÅ ÉÎ ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔ 

ÔÒÁÉÎÉÎÇȢ ɊȢ $ÕÒÉÎÇ ÌÉÇÈÔ ÃÕÅÓȟ ÔÏÎÅ ÃÕÅÓȟ ÁÎÄ ÃÏȤÐÒÅÓÅÎÔÁÔÉÏÎ ÔÒÉÁÌÓȟ ×Å ÏÂÓÅÒÖÅÄ ÎÏ 

ÄÉÆÆÅÒÅÎÃÅÓ ÂÅÔ×ÅÅÎ ÓÇ0$ÙÎ ÁÎÄ ÃÏÎÔÒÏÌ ÍÉÃÅ ÉÎ ÎÏÓÅ ÐÏËÉÎÇȟ ÔÉÍÅ ÓÐÅÎÔ ÏÎ ÔÈÅ ÐÌÁÔÆÏÒÍȟ 

ÏÒ ÐÅÒÃÅÎÔ ÆÒÅÅÚÉÎÇȢ 4ÈÅÓÅ ÒÅÓÕÌÔÓ ÓÕÇÇÅÓÔ ÔÈÁÔȟ ÅÖÅÎ ÁÆÔÅÒ ÓÅÖÅÒÁÌ ÄÁÙÓ ÏÆ ÖÁÒÉÁÂÌÅ ÃÏÎПÌÉÃÔ 

&ÉÇÕÒÅ φςȡ $ÅÌÅÔÉÏÎ ÏÆ 0$ÙÎ ÉÎ ÔÈÅ ÖÍ0&#Ȥ",! ÐÁÔÈ×ÁÙ ÄÏÅÓ ÎÏÔ ÁÆÆÅÃÔ 
ÃÏÎПÌÉÃÔ ÒÅÓÏÌÕÔÉÏÎ ÉÎ ÒÅÓÐÏÎÓÅ ÔÏ ÔÁÓË ÓÔÒÕÃÔÕÒÅ ÃÈÁÎÇÅÓȢ  
Top left: Nosepoking on the first day of high conflict testing is similar 
between sgPDyn mice and controls. Top center: Time on platform during the 
first day of high conflict testing is not affected by Dyn deletion. Top right: 
Freezing behavior on the first day of high conflict testing is similar between 
sgPDyn mice and controls. Bottom left: Nosepoking on the fifth day of high 
conflict testing is similar between sgPDyn mice and controls. Bottom center: 
Time on platform during the first day of high conflict testing is not affected 
by Dyn deletion. Bottom right: Freezing behavior on the first day of high 
conflict testing is similar between sgPDyn mice and controls. 






















































































































