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Exposure-based therapy is the gold standard treatment for Post-Traumatic Stress Disorder (PTSD). 

This therapy relies on extinguishing traumatic fears by creating new safe associations that 

outcompete maladaptive conditioned fear responses. Although being an efficacious practice, 

exposure-based therapy can be improved upon. Vagus nerve stimulation (VNS) shows promise as 

an adjunctive strategy due to its ability to enhance fear extinction. Despite this promise, the precise 

neural mechanisms by which VNS-paired extinction training enhances fear extinction remain 

largely unclear. Elucidation of such mechanisms could enable opportunities to fine tune VNS 

parameters and improve the efficacy of exposure-based therapy. The present study investigated 

the role of noradrenergic signaling in the medial prefrontal cortex (PFC) on extinction 

enhancement produced by vagus nerve stimulation. Adult male Sprague-Dawley rats underwent 2 

days of auditory fear conditioning (AFC), followed by the implantation of a vagus nerve 

stimulation device and the infusion of the immunotoxin saporin (SAP) in the medial prefrontal 

cortex to selectively lesion incoming noradrenergic projections to that region. After recovery, rats 

underwent 8 days of extinction training paired with VNS or SHAM stimulation before extinction 
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memory recall was tested and anxiety was examined. Extinction training results showed that SAP 

lesions in the PFC led to a negation of VNS-enhanced extinction effects. Extinction recall results 

showed rats that received VNS-paired extinction without SAP lesions did not exhibit an increase 

in conditioned fear response when tested over 2 weeks after extinction training. No differences in 

anxiety-like behaviors were observed when rats were examined in the Open field test 2 days after 

extinction training. Together, the results of this study underscore the importance of noradrenergic 

signaling in the medial prefrontal cortex on VNS-paired extinction training. Further research needs 

to be conducted on the role noradrenergic signaling in the medial prefrontal cortex in the context 

of generalized anxiolysis produced by VNS-paired extinction training. 
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CHAPTER 1 

INTRODUCTION 

Post-traumatic stress disorder (PTSD) is a psychiatric disorder that can develop in up to 30% of 

individuals following a traumatic experience and affects roughly 4-6% of the global population 

(Kessler et al., 1995; Koenen et al., 2017; Nemeroff et al., 2006). Symptoms of PTSD include 

hyperarousal, hyper-avoidance of stimuli and situations that present as traumatic reminders, 

heightened levels of anxiety, hypervigilance, and intrusive flashbacks of the traumatic event 

(American Psychiatric Association, 2000). Although frontline treatment for PTSD is typically one 

of the two medications currently approved by the US Food and Drug Administration for treatment 

of PTSD, these medications may only reduce symptom severity without producing complete 

remission of the aforementioned symptoms (McIntyre, 2018). Additionally, clinicians frequently 

prescribe individual medications to address each individual symptom patients present. This brute 

force method of combating PTSD-related symptoms can lead to problems with polypharmacy and 

concerns with the already high comorbidity associated between PTSD and addiction (McIntyre, 

2018).  

 

In an attempt to treat PTSD beyond symptomatic relief, behavioral and cognitive therapies 

generally target the root cause of the disorder, the memory of the traumatic event. Currently the 

gold standard for PTSD treatment is a form of cognitive behavioral therapy called exposure-based 

therapy (Frueh et al., 2009). This therapy aims to overcome traumatic event memories by creating 

new neutral associations and responses that outcompete the trauma-related associations and 

responses. These new, safe associations are built through in-vivo or imaginal exposures to 
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traumatic reminders, and the process of transitioning from a stimulus eliciting a traumatic response 

to a neutral response is called extinction training. The newly formed safe associations are coined 

extinction memories, and they compete with traumatic event memories thus diminishing the 

negative emotional and visceral response associated with PTSD (Tuerk et al., 2018).  

 

Despite broad success in traumatized patients, exposure-based therapy is not without its limitations 

as not all patients respond to this therapy (Powers et al., 2010). Non-response rates vary from 10% 

to as high as 50%, and patient dropout remains problematic (Schottenbauer et al., 2008). These 

limitations may stem from a pathological inability for PTSD patients to develop extinction 

memories robust enough to outcompete traumatic event reminders (Milad et al., 2008, 2009). 

Failure to consolidate and cement these new extinction memories may considerably reduce the 

efficacy of extinction learning (Boschen et al., 2009). 

 

As a result of these limitations, research has focused on augmenting strategies to enhance the 

efficacy of exposure-based therapy. Cognitive enhancers were posited as a suitable adjunct due to 

their ability to enhance memory consolidation with the idea that strengthening the extinction 

memory during extinction training would enhance fear extinction given that PTSD involves 

learned fear from traumatic exposure (Milad et al., 2009). However, due to a lack of temporal 

control, cognitive enhancers run the risk of reinforcing maladaptive associations if the therapy 

goes awry (Noble, Souza, et al., 2019). Research has also aimed at abating the anxiety associated 

with the inherently anxiogenic therapy. While anxiolytic drugs can combat anxiety-related feelings 

that surface during extinction training, they have the unfortunate consequence of impairing 
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memory consolidation (Clarke et al., 1970; Lucki et al., 1987). An ideal adjunctive strategy would 

simultaneously enhance memory consolidation to promote robust extinction learning during 

exposure-based therapy while minimizing the aversive stress response inherent to extinction 

training (McIntyre, 2018; Noble, Souza, et al., 2019; Souza et al., 2019). 

 

One such strategy that has shown promise in increasing extinction memory formation with the 

additional benefit of anxiolysis is vagus nerve stimulation (VNS) (Noble, Souza, et al., 2019; Pena 

et al., 2013, 2014; Souza et al., 2019). In rat models, pairing VNS with extinction training enhances 

extinction learning and leads to plastic changes in the pathways mediating fear extinction (Pena et 

al., 2013, 2014). Furthermore, as a part of the parasympathetic nervous system, the vagus nerve 

serves to hamper the sympathetic stress response, and studies have demonstrated anxiolytic effects 

associated with VNS in rat models as well as humans (Mathew et al., 2020; Noble, Chuah, et al., 

2019; Noble et al., 2017; Shah et al., 2016; Souza et al., 2019, 2020). This extinction enhancement 

and anxiolytic promise combined with the temporal control associated with VNS could prove 

instrumental in treating patients with PTSD who do not respond to traditional exposure-based 

therapy. 

 

Nevertheless, questions remain regarding how VNS-paired extinction training enhances extinction 

since the pathways by which VNS modulate fear extinction are largely unclear. The proposed 

mechanism by which VNS facilitates the storage of memories is by promoting the release of 

neuromodulators in cortical areas involved in different forms of learning (Follesa et al., 2007). The 

vagus nerve projects to the nucleus tractus solitarius (NTS) in the brainstem which then sends 
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projections to the locus coeruleus (LC). The LC sends noradrenergic projections throughout the 

brain and areas involved in fear extinction such as the medial prefrontal cortex (PFC) (Follesa et 

al., 2007; Noble, Souza, et al., 2019; Pena et al., 2014). Functional MRI studies have observed 

decreased activation in regions of the PFC during extinction recall in PTSD patients, and other 

studies have shown blocking noradrenergic β-receptors in regions of the PFC during extinction 

training impair consolidation of extinction memory (Milad et al., 2009; Mueller et al., 2008). 

Administration of VNS leads to increased norepinephrine concentrations in the prefrontal cortex 

and promotes metaplasticity in PFC projections to the BLA, suggesting this circuitry mediates the 

effects of VNS in fear extinction (Follesa et al., 2007; Pena et al., 2014).  

 

This study aims to investigate whether noradrenergic projections to the PFC are required for the 

extinction enhancement seen in VNS-paired extinction. To isolate the pathway, we used the 

immunotoxin saporin (SAP) to selectively lesion noradrenergic projections to the PFC. We then 

tested to see if the effects of VNS persist in these lesioned rats. We postulated that lesioning 

noradrenergic terminals in the PFC would prevent VNS-related enhanced extinction effects thus 

giving credence to the hypothesis that noradrenergic signaling to the PFC is part of the pathway 

by which VNS enhances extinction training. 
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CHAPTER 2 

METHODS 

Subjects: All procedures were carried out in accordance with the NIH Guide for the Care and Use 

of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee 

of the University of Texas at Dallas. Male Sprague-Dawley rats (Taconic, Hudson, NY, USA) 

weighing 225–250 g on arrival were individually housed in plastic home cages under standard 

controlled room temperature, humidity, and on a 12-h light/dark cycle (light cycle beginning at 

0700 hours) with access to food and water ad libitum.  

 

Cuff electrode preparation: Cuff electrode preparation was previously described (Childs et al., 

2015). Platinum–iridium wire electrodes were affixed to biocompatible micro-renathane cuffs that 

enveloped the vagus nerve (1.25 mm inner diameter, 2.5 mm outer diameter, 4.0 mm long). 

Omnetics four-pin connectors connected the VNS cuff to an AM systems stimulator. Two of the 

four connector pins were attached to platinum–iridium wires of the cuff to deliver electrical 

stimulation to the vagus nerve.  

 

Immunotoxin lesion and vagus nerve stimulation procedures: Saporin immunotoxin (DBH-

Sap, Advanced Targeting Systems, San Diego, CA, SKU: IT-03) was used to selectively lesion 

noradrenergic projections to the PFC. Surgical protocol was adapted from previous experiments 

(Childs et al., 2015; Hulsey et al., 2019; Noble, Souza, et al., 2019). Rats were anesthetized with 

2% isoflurane with an oxygen flow rate of 600–800 ml/min. The head was stabilized in a 

stereotaxic frame, and bilateral burr holes were drilled over the prefrontal cortex. DBH-Sap (0.2-
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μl) or saline (0.2-μl) was stereotactically injected with a microsyringe (Hamilton, Reno, NV) at 

two stereotaxic coordinates in the infralimbic region of the prefrontal cortex (AP: 3.2; ML: 0.5; 

and DV: 5.0 mm from Bregma). The syringe remained stationary for 5 minutes following each 

injection to allow for diffusion and prevent backflow of the injection. Once diffusion was 

complete, the vagus nerve stimulation device was implanted, as previously described (Childs et 

al., 2015). In brief, a VNS cuff was placed around the left vagus nerve and secured in place with 

sutures. Immediately following implantation, activation of the vagus nerve by the cuff electrode 

was confirmed by a brief cessation of breathing following 5 seconds of continuous VNS (0.8-mA, 

100-µs pulse width, 30-Hz). If cessation of breathing is absent, the cuff was adjusted or replaced 

until cessation of breathing was achieved as a result of stimulation. Platinum-iridium wires from 

the VNS cuff were subcutaneously tunneled behind the ear to the top of the head and connected to 

an Omnetics connector which was affixed to the skull with acrylic. At the completion of each 

surgery, Ketoprofen and Ceftriaxone was administered subcutaneously to reduce pain, abate 

inflammation, and prevent infection. All rats receiving VNS maintained properly functioning cuffs 

throughout the duration of the VNS regiment or were excluded from findings. To evaluate cuff 

function, voltage and impedance across the vagus nerve cuff electrodes were recorded each day of 

stimulation. During the therapy trials, either sham stimulation (0-mA) or VNS was delivered in 

30-second trains at intensities of 0.8-mA, 100-μs pulse width at 30-Hz. These VNS parameters 

were selected based on previous studies from our research group (Souza et al., 2020). Non-lesioned 

control, SHAM stimulation rats underwent identical surgical procedure but were injected with 

non-lesioning vehicle injections of normal saline (0.9% Sodium Chloride) and received sham 
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stimulation during extinction training. All animals were given 5-7 days to recover following 

surgery. 

 

Auditory Fear Conditioning: Auditory fear conditioning (AFC) was performed in acrylic cages 

housed in sound-attenuated chambers (Context AFC) and consisted of two days of conditioning in 

which a neutral 9-kHz, 30-sec auditory stimuli (CS) co-terminated with an aversive 0.4-mA, 0.5-

sec electric foot shock (US). Parameters for the CS and US were adapted from previous AFC 

protocols (Noble et al., 2017; Pena et al., 2013; Souza et al., 2020). The first day of AFC consisted 

of exposure to 2 CS presentations in the absence of US to assess baseline response. Subsequently, 

rats were exposed to 8 CS presentations co-terminated with the US (CS + US) (delayed 

conditioning). On the second day, rats received 8 CS + US presentations. The inter-trial interval 

(ITI) between pairings was 90-180 seconds. Sessions were recorded via a USB camera and scored 

by researchers who were blind to the treatment conditions. 

 

Extinction Training: Extinction training sessions were conducted in different acrylic cages 

housed in different sound-attenuated chambers (Context Extinction) from which AFC occurred. 

The shape of the acrylic cages and flooring material differed between contexts. During therapy, 

rats were exposed to eight daily sessions of extinction-paired VNS (0.8-mA, 100-μs pulse width 

at 30-Hz for 30 seconds, overlapping with tone presentation) or SHAM stimulation. The CS was 

presented at an interval of 90-180 seconds, in the absence of the US. VNS was delivered only 

during the CS presentations. 
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Conditioned Fear Response Test: Rats were given a total of three conditioned fear response tests 

(CFRT) conducted in the same context where therapy was conducted (Context Extinction). During 

CFRT, rats were exposed to the same CS and the same ITI, but without VNS or SHAM stimulation. 

The first conditioned fear response was evaluated 24h prior to extinction training (Pre-Extinction 

CFRT) to assess recall of conditioned fear. The second conditioned fear response was evaluated 

24h after extinction training (Post-Extinction CFRT I) to assess recall of the extinction memory. 

The third conditioned fear response was evaluated 15 days after the Post-Extinction CFRT I to 

access long-term recall of the extinction memory (Post-Extinction CFRT II). 

 

Open Field: Anxiety-like behavior and general exploration was evaluated using the Open Field 

test (Hall, 1934). Each rat was placed in the middle of an open field arena and allowed to explore 

the apparatus for 10 minutes. The percentage of time each animal spent in the center and total 

number of zone transitions were scored using AnyMaze video tracking software. Exploration of 

the center unprotected zone was used as an inversely proportional measure of anxiety. 

 

Data Analysis: Data was analyzed using either a two-way repeated measures ANOVA or a one-

way ANOVA followed by a Tukey’s post hoc test for multiple comparisons. Statistically 

significant effects were defined as those with P-values less than 0.05 (p < 0.05). All error bars 

represent standard error of the mean.  
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Figure 1: Experimental Timeline. Male Sprague-Dawley rats underwent Auditory Fear 

Conditioning (AFC) consisting of two days of eight pairings between a tone (CS) co-terminated 

with a footshock (US). Twenty-four hours after the second AFC session, conditioned fear response 

was measured to validate fear memory (Pre-Extinction CFRT). Forty-eight hours later, animals 

underwent surgical implantation of the vagus nerve cuff and SAP lesioning of noradrenergic axons 

in the PFC. Following a post-operation recovery of 5-7 days, rats underwent 8 days of extinction 

training paired with VNS or SHAM stimulation. Twenty-four hours following the final extinction 

training session, conditioned fear response was measured without the augmentation of VNS or 

SHAM stimulation to assess recall of extinction memory (Post-Extinction CFRT I). Twenty-four 

hours later, rats underwent anxiety testing in the form of an Open Field test. Two weeks after the 

Open Field test, animals underwent a final conditioned fear response test to assess long-term recall 

of extinction memory (Post-Extinction CFRT II). Following testing, rats were euthanized, and 

perfused brains were harvested.  
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CHAPTER 3 

RESULTS 

Pre-Extinction Training. All groups exhibited a similar degree of conditioned fear response after 

auditory fear conditioning (Figure 2). 

Each subject was fear conditioned as previously described and conditioned fear response was 

examined the following day (Pre-Extinction CFRT) as the percentage of time a subject spent 

freezing in fear to a 30-second presentation of the conditioned stimulus tone in the absence of an 

unconditioned stimulus. Pre-Extinction CFRT validated that all subjects exhibited similar levels 

of conditioned fear response to the auditory conditioned stimulus following fear conditioning (ns, 

p = 0.1226). 

 
Figure 2: Pre-Extinction Training Conditioned Fear Response Test. Twenty-four hours after the 

second AFC session, conditioned fear response was measured to validate fear memory (Pre-

Extinction CFRT). There was no significant difference in fear response as measured by the 

percentage of the time subjects spent freezing to a conditioned tone in the absence of aversive 

effects (ns, p = 0.1226). Vertical bars represent the mean +/- S.E.M. 
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Extinction Training. Vagus nerve stimulation during extinction training did not lead to typical 

VNS-enhanced extinction in the saporin lesioned group (SAP+VNS) as compared to the control-

infused groups (VEH+SHAM, VEH+VNS) (Figure 3). 

After recovery from surgery, each group underwent either sham or vagus nerve stimulation-paired 

extinction training in which a stimulation was paired with CS onset for a total of 4 presentations 

per extinction session. Conditioned fear response, as evaluated by the percentage of the time an 

animal froze in fear during the 30-second CS onset, was examined during CS presentation as a 

measure of fear extinction and compared between groups across each day. No significant 

difference in percentage of time spent freezing to a conditioned stimulus was observed between 

VEH+SHAM and SAP+VNS groups at any point of extinction training (ns, p ≥ 0.1450). 

Significant difference in fear response was observed between VEH+VNS and SAP+VNS groups 

on Extinction Days 3-8 (p ≤ 0.0456) and between VEH+VNS and VEH+SHAM on Extinction 

Days 3-8 (p ≤ 0.0481). 
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Figure 3: Extinction Training Fear Response. Conditioned fear response was measured across 

extinction days. Saporin lesioned animals show a negation of VNS-enhanced extinction effects. 

Following 8 consecutive days of VNS-enhanced extinction training, SAP lesioned animals 

exhibited fear response similar to that of SHAM-stimulated rats (VEH+SHAM). There was no 

significant difference in the percentage of time spent freezing to a conditioned stimulus between 

VEH+SHAM and SAP+VNS groups at any point of extinction training (ns, p ≥ 0.1450). 

Significant differences in fear response were observed each day between VEH+VNS and 

SAP+VNS groups on Extinction Days 3-8 (*, p ≤ 0.0456) and between VEH+VNS and 

VEH+SHAM groups on Extinction Days 3-8 (*, p ≤ 0.0481).  
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Extinction Recall. Extinction recall results showed rats that received VNS-paired extinction 

without SAP lesions did not exhibit an increase in conditioned fear response when tested over 2 

weeks after extinction training (Figure 4).  

Each group underwent a post-extinction conditioned fear response test performed without the 

augmentation of VNS or SHAM stimulation 24 hours after the final extinction training session 

(Post-Extinction CFRT I). This extinction recall test was replicated again 15 days later with the 

same conditions (Post-Extinction CFRT II). Fear response was measured as previously stated and 

compared within the same group at the different time points. A significant increase in fear response 

was observed in the VEH+SHAM group (*, p = 0.0297). No significant increase in fear response 

was observed in the VEH+VNS group (ns, p = 0.5608) or the SAP+VNS group (ns, p = 0.9594). 

 
Figure 4: Extinction Recall Fear Response. Conditioned fear response was measured 24 hours after 

extinction training then again 15 days later to examine recall of extinction memory. Freezing levels 

were not significant altered after the passage of 2 weeks for the groups that received VNS-

augmented training (ns, p = 0.5608, p = 0.9594) but increased in the VEH+SHAM group (*, p = 

0.0297). 
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Open Field Anxiety Test. No differences in anxiety-like behaviors were observed when rats were 

tested in the Open Field (Figure 5).  

Anxiety was measured by comparing the exploration in the context of an open field. Subjects that 

exhibit heightened anxiety seek the presumed safety of the peripheral zones where there are walls 

and corners to hide. Subjects that exhibit decreased anxiety will be more explorative and will 

venture through the open field more indiscriminately. The amount of time a subject spent in the 

central versus peripheral zones of the open field apparatus was measured. No significant difference 

was observed between groups in the percentage of time spent in the central zones of the open field 

(ns, p = 0.4973). Administration of VNS did not affect locomotion as no significant difference in 

locomotion, as measured by the total number of entries into different zones, was observed between 

groups (ns, p = 0.9695).  

 
Figure 5: Open Field Anxiety Test. Effects of SAP lesioning on post-extinction anxiety levels 

using open-field test. The exploration times between animals was not significantly different 

between VEH+SHAM, VEH+VNS, and SAP+VNS groups (ns, p = 0.4973). There was no 

significant difference in locomotive factors as portrayed by total entries into different zones (ns, p 

= 0.9695). Vertical bars represent the mean +/- S.E.M.   
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CHAPTER 4 

DISCUSSION 

The drivers for exposure-based therapy are learning and the recall of that learning. Presenting 

trauma-related stimuli in the absence of aversive outcomes facilitates new, neutral associations 

with those stimuli. Current research aims at increasing the efficacy of exposure-based therapy with 

adjunctive strategies to augment this therapeutic learning. Cognitive enhancers were posited as a 

suitable adjunct due to their ability to enhance memory consolidation and extinction memory 

during extinction training (de Kleine et al., 2012; Hofmann et al., 2006; Ledgerwood, 2003; 

Ressler et al., 2004; Walker et al., 2002). However, due to a lack of temporal control associated 

with such agents, cognitive enhancers run the risk of strengthening aversive memories should the 

therapy go awry (Noble, Souza, et al., 2019). Moreover, the repeated anxiogenic experience of 

exposure-based therapy compounded with the aforementioned impairment in therapeutic recall 

can be a factor in patient dropout in this patient population plagued and characterized by a 

pathological degree of avoidance to trauma-related reminders. An ideal adjunct would have the 

ability to enhance memory consolidation and extinction learning while also possessing anxiolytic 

effects to increase the tolerability of the inherently anxiogenic exposure-based therapy.  

 

Vagus nerve stimulation has been shown to facilitate memory consolidation, enhance extinction 

of conditioned fear in rodents, and findings have suggested anxiolytic effects associated with VNS 

(George et al., 2008; Mathew et al., 2020; Noble, Chuah, et al., 2019; Noble et al., 2017; Shah et 

al., 2016; Souza et al., 2020). Nevertheless, the mechanism by which vagus nerve stimulation 
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enhances fear extinction remains unknown. This study aimed at elucidating part of the neural 

circuitry by which VNS enhances extinction.  

 

The findings of this study underscore the importance of noradrenergic signaling in the medial 

prefrontal cortex on VNS-paired extinction enhancement. When noradrenergic projections to the 

PFC were lesioned, rodent subjects exhibited a negation of VNS-enhanced extinction effects 

during extinction training. SAP lesioned subjects demonstrated fear responses similar to that of 

the SHAM group that did not undergo VNS-augmented extinction training. The present findings 

expand on findings from previous studies implicating noradrenergic signaling in the PFC as 

important for recall of extinction memory, suggesting its importance for VNS-enhanced extinction 

effects (Milad et al., 2009; Mueller et al., 2008). 

 

Extinction recall was examined in this experiment to emphasize the importance of creating an 

extinction memory robust enough to compete against a trauma-related memory long after the 

conclusion of extinction training. Previous findings have recognized that extinction training does 

not erase previous trauma-related memories, and the spontaneous recovery of trauma-related 

memories over time is possible even when fear has been extinguished (Myers et al., 2006). For 

this reason, recall of the extinction memory (Extinction Recall) was tested twice and 2 weeks apart. 

Extinction recall results showed rats that received VNS-paired extinction without SAP lesions did 

not show an increase in conditioned fear response when tested over 2 weeks after extinction 

training. Future studies could further investigate spontaneous recovery of conditioned fear in 

animals with SAP lesions in noradrenergic projections to the PFC. 
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While this study also examined the anxiolytic potential of VNS and the role of noradrenergic 

signaling in the PFC on anxiety, the results of the anxiety test were inconclusive as both positive 

and negative control groups failed to respectively convey positive and negative results. Neither 

lesioning the noradrenergic pathway nor differences in fear extinction led to significant differences 

in anxiety during the Open Field test. Previous studies have observed decreased anxiety in subjects 

that underwent VNS-enhanced extinction training compared to SHAM even when both groups had 

reached remission level thresholds for fear extinction (Noble et al., 2017, p. 201; Souza et al., 

2019). While the anxiety tests used in those previous experiments differed from the Open Field 

test used in this experiment, both protocols should theoretically convey levels of anxiety as both 

the Elevated Plus Maze and the Open Field test of anxiety rely on the willingness to explore a 

novel environment. Further research is required to understand if anxiolytic effects of VNS are 

generalized or test specific (Mathew et al., 2020). Other studies suggest stimulation parameters 

might elicit different anxiety-related effects, and experiments that have observed VNS-associated 

anxiolytic effects utilized different stimulation parameters during extinction training from those 

used in this experiment (Mathew et al., 2020; Noble et al., 2017; Souza et al., 2019). Further 

research needs to be conducted on anxiolytic effects brought on by VNS.  

 

A limitation of this experiment was the inability to account for possible compensatory pathways 

playing a factor in extinction learning. Future experiments could address this limitation by 

incorporating a greater degree of temporal control when blocking noradrenergic signaling in the 

PFC to limit the possibility of compensatory pathway development. 

  



 

 
 

18 

REFERENCES 

American Psychiatric Association. (2000). Diagnostic and statistical manual-text revision (DSM-

IV-TR). Washington, DC: American Psychiatric Association. 

Boschen, M. J., Neumann, D. L., & Waters, A. M. (2009). Relapse of successfully treated 

anxiety and fear: Theoretical issues and recommendations for clinical practice. Australian 

& New Zealand Journal of Psychiatry, 43(2), 89–100. 

Childs, J., Alvarez-Dieppa, A., Mcintyre, C., & Kroener, S. (2015). Vagus Nerve Stimulation as 

a Tool to Induce Plasticity in Pathways Relevant for Extinction Learning. Journal of 

Visualized Experiments : JoVE, 2015. https://doi.org/10.3791/53032 

Clarke, P., Eccersley, P., Frisby, J., & Thornton, J. (1970). The amnesic effect of diazepam 

(Valium). British Journal of Anaesthesia, 42(8), 690–697. 

de Kleine, R. A., Hendriks, G.-J., Kusters, W. J., Broekman, T. G., & van Minnen, A. (2012). A 

randomized placebo-controlled trial of D-cycloserine to enhance exposure therapy for 

posttraumatic stress disorder. Biological Psychiatry, 71(11), 962–968. 

Follesa, P., Biggio, F., Gorini, G., Caria, S., Talani, G., Dazzi, L., Puligheddu, M., Marrosu, F., 

& Biggio, G. (2007). Vagus nerve stimulation increases norepinephrine concentration 

and the gene expression of BDNF and bFGF in the rat brain. Brain Research, 1179, 28–

34. 

Frueh, B. C., Grubaugh, A. L., Cusack, K. J., Kimble, M. O., Elhai, J. D., & Knapp, R. G. 

(2009). Exposure-based cognitive-behavioral treatment of PTSD in adults with 

schizophrenia or schizoaffective disorder: A pilot study. Journal of Anxiety Disorders, 

23(5), 665–675. 

George, M. S., Ward Jr, H. E., Ninan, P. T., Pollack, M., Nahas, Z., Anderson, B., Kose, S., 

Howland, R. H., Goodman, W. K., & Ballenger, J. C. (2008). A pilot study of vagus 

nerve stimulation (VNS) for treatment-resistant anxiety disorders. Brain Stimulation, 

1(2), 112–121. 

Hall, C. S. (1934). Emotional behavior in the rat. I. Defecation and urination as measures of 

individual differences in emotionality. Journal of Comparative Psychology, 18(3), 385. 

Hofmann, S. G., Meuret, A. E., Smits, J. A., Simon, N. M., Pollack, M. H., Eisenmenger, K., 

Shiekh, M., & Otto, M. W. (2006). Augmentation of exposure therapy with D-

cycloserine for social anxiety disorder. Archives of General Psychiatry, 63(3), 298–304. 



 

19 

Hulsey, D. R., Shedd, C. M., Sarker, S. F., Kilgard, M. P., & Hays, S. A. (2019). Norepinephrine 

and serotonin are required for vagus nerve stimulation directed cortical plasticity. 

Experimental Neurology, 320, 112975. 

Kessler, R. C., Sonnega, A., Bromet, E., Hughes, M., & Nelson, C. B. (1995). Posttraumatic 

stress disorder in the National Comorbidity Survey. Archives of General Psychiatry, 

52(12), 1048–1060. 

Koenen, K. C., Sumner, J. A., Gilsanz, P., Glymour, M. M., Ratanatharathorn, A., Rimm, E. B., 

Roberts, A. L., Winning, A., & Kubzansky, L. D. (2017). Post-traumatic stress disorder 

and cardiometabolic disease: Improving causal inference to inform practice. 

Psychological Medicine, 47(2), 209–225. 

Ledgerwood, L. (2003). D-cycloserine facilitates extinction of conditioned fear as assessed by 

freezing in rats. 55, 84–84. 

Lucki, I., Rickels, K., Giesecke, M., & Geller, A. (1987). Differential effects of the anxiolytic 

drugs, diazepam and buspirone, on memory function. British Journal of Clinical 

Pharmacology, 23(2), 207–211. 

Mathew, E., Tabet, M. N., Robertson, N. M., Hays, S. A., Rennaker, R. L., Kilgard, M. P., 

McIntyre, C. K., & Souza, R. R. (2020). Vagus nerve stimulation produces immediate 

dose-dependent anxiolytic effect in rats. Journal of Affective Disorders, 265, 552–557. 

McIntyre, C. K. (2018). Is there a role for vagus nerve stimulation in the treatment of 

posttraumatic stress disorder? 

Milad, M. R., Orr, S. P., Lasko, N. B., Chang, Y., Rauch, S. L., & Pitman, R. K. (2008). 

Presence and acquired origin of reduced recall for fear extinction in PTSD: results of a 

twin study. Journal of Psychiatric Research, 42(7), 515–520. 

Milad, M. R., Pitman, R. K., Ellis, C. B., Gold, A. L., Shin, L. M., Lasko, N. B., Zeidan, M. A., 

Handwerger, K., Orr, S. P., & Rauch, S. L. (2009). Neurobiological basis of failure to 

recall extinction memory in posttraumatic stress disorder. Biological Psychiatry, 66(12), 

1075–1082. 

Mueller, D., Porter, J. T., & Quirk, G. J. (2008). Noradrenergic signaling in infralimbic cortex 

increases cell excitability and strengthens memory for fear extinction. Journal of 

Neuroscience, 28(2), 369–375. 

Myers, K. M., Ressler, K. J., & Davis, M. (2006). Different mechanisms of fear extinction 

dependent on length of time since fear acquisition. Learning & Memory, 13(2), 216–223. 



 

20 

Nemeroff, C. B., Bremner, J. D., Foa, E. B., Mayberg, H. S., North, C. S., & Stein, M. B. (2006). 

Posttraumatic stress disorder: A state-of-the-science review. Journal of Psychiatric 

Research, 40(1), 1–21. 

Noble, L. J., Chuah, A., Callahan, K. K., Souza, R. R., & McIntyre, C. K. (2019). Peripheral 

effects of vagus nerve stimulation on anxiety and extinction of conditioned fear in rats. 

Learning & Memory, 26(7), 245–251. 

Noble, L. J., Gonzalez, I., Meruva, V., Callahan, K. A., Belfort, B. D., Ramanathan, K., Meyers, 

E., Kilgard, M. P., Rennaker, R. L., & McIntyre, C. K. (2017). Effects of vagus nerve 

stimulation on extinction of conditioned fear and post-traumatic stress disorder symptoms 

in rats. Translational Psychiatry, 7(8), e1217–e1217. 

Noble, L. J., Souza, R. R., & McIntyre, C. K. (2019). Vagus nerve stimulation as a tool for 

enhancing extinction in exposure-based therapies. Psychopharmacology, 236(1), 355–

367. 

Pena, D. F., Childs, J. E., Willett, S., Vital, A., McIntyre, C. K., & Kroener, S. (2014). Vagus 

nerve stimulation enhances extinction of conditioned fear and modulates plasticity in the 

pathway from the ventromedial prefrontal cortex to the amygdala. Frontiers in 

Behavioral Neuroscience, 8, 327. 

Pena, D. F., Engineer, N. D., & McIntyre, C. K. (2013). Rapid remission of conditioned fear 

expression with extinction training paired with vagus nerve stimulation. Biological 

Psychiatry, 73(11), 1071–1077. 

Powers, M. B., Halpern, J. M., Ferenschak, M. P., Gillihan, S. J., & Foa, E. B. (2010). A meta-

analytic review of prolonged exposure for posttraumatic stress disorder. Clinical 

Psychology Review, 30(6), 635–641. 

Ressler, K. J., Rothbaum, B. O., Tannenbaum, L., Anderson, P., Graap, K., Zimand, E., Hodges, 

L., & Davis, M. (2004). Cognitive enhancers as adjuncts to psychotherapy: Use of D-

cycloserine in phobic individuals to facilitate extinctionof fear. Archives of General 

Psychiatry, 61(11), 1136–1144. 

Schottenbauer, M. A., Glass, C. R., Arnkoff, D. B., Tendick, V., & Gray, S. H. (2008). 

Nonresponse and dropout rates in outcome studies on PTSD: Review and methodological 

considerations. Psychiatry: Interpersonal and Biological Processes, 71(2), 134–168. 

Shah, A. P., Carreno, F. R., Wu, H., Chung, Y. A., & Frazer, A. (2016). Role of TrkB in the 

anxiolytic-like and antidepressant-like effects of vagal nerve stimulation: Comparison 

with desipramine. Neuroscience, 322, 273–286. 

Souza, R. R., Robertson, N. M., Mathew, E., Tabet, M. N., Bucksot, J. E., Pruitt, D. T., 

Rennaker, R. L., Hays, S. A., McIntyre, C. K., & Kilgard, M. P. (2020). Efficient 



 

21 

parameters of vagus nerve stimulation to enhance extinction learning in an extinction-

resistant rat model of PTSD. Progress in Neuro-Psychopharmacology and Biological 

Psychiatry, 99, 109848. 

Souza, R. R., Robertson, N. M., Pruitt, D. T., Gonzales, P. A., Hays, S. A., Rennaker, R. L., 

Kilgard, M. P., & McIntyre, C. K. (2019). Vagus nerve stimulation reverses the 

extinction impairments in a model of PTSD with prolonged and repeated trauma. Stress, 

22(4), 509–520. 

Tuerk, P. W., Wangelin, B. C., Powers, M. B., Smits, J. A., Acierno, R., Myers, U. S., Orr, S. P., 

Foa, E. B., & Hamner, M. B. (2018). Augmenting treatment efficiency in exposure 

therapy for PTSD: a randomized double-blind placebo-controlled trial of yohimbine HCl. 

Cognitive Behaviour Therapy, 47(5), 351–371. 

Walker, D. L., Ressler, K. J., Lu, K.-T., & Davis, M. (2002). Facilitation of conditioned fear 

extinction by systemic administration or intra-amygdala infusions of D-cycloserine as 

assessed with fear-potentiated startle in rats. Journal of Neuroscience, 22(6), 2343–2351. 

 

 

 

 

 

 

 



 

 
 

22 

BIOGRAPHICAL SKETCH 

Sina Kashef earned his Bachelor of Science in Psychology along with his minor in Molecular 

and Cell Biology from The University of Texas at Dallas. In completion of this thesis, Sina 

Kashef will earn his Master of Science in Biomedical Engineering.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 

CURRICULUM VITAE 

Sina Kashef 

December 2021 

Educational History: 

BS, Psychology, The University of Texas at Dallas 

MS, Biomedical Engineering, The University of Texas at Dallas 

MS, Systems Engineering and Management, The University of Texas at Dallas 




