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MOLECULAR MECHANISMS OF VAGUS NERVE STIMULATION ENHANCEMENT 

OF EXTINCTION IN AN IMPAIRED ANIMAL MODEL 

Amanda C. Alvarez-Dieppa, PhD 

The University of Texas at Dallas, 2017 

ABSTRACT 

Supervising Professor:  Dr. Christa K. McIntyre 

Vagus nerve stimulation is a therapy approved by the FDA for prevention of seizures in humans. 

Research from rodent models as well as in humans shows that when administered immediately 

after a learning task, VNS enhances consolidation of memory for that task. Administration of 

VNS during trials of fear extinction learning enhances extinction of fear and affects synaptic 

plasticity in regions of the brain that are important for fear and extinction memory formation. 

These results position VNS as a potential adjunct to behavioral therapy for the treatment of 

disorders that are characterized by strong aversive memories or resistance to extinction of fear, 

like post-traumatic stress disorder, phobias, and other anxiety disorders. Although VNS has been 

shown to enhance extinction of fear and affect synaptic plasticity in healthy rats, the ability of 

VNS to reverse impaired extinction of fear and diminish symptoms related to social anxiety 

disorder has not been tested. These studies were designed to test the potential of VNS to rescue 

extinction learning, influence social behaviors, and affect synaptic plasticity in an impaired 

animal model.  
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CHAPTER 1 

INTRODUCTION 

Vagus nerve stimulation (VNS) is currently approved by the FDA for the treatment of seizures in 

humans. Administration of VNS immediately after training enhances memory consolidation in 

rats and in humans [1, 2]. Coupling VNS with fear extinction training enhanced extinction of 

conditioned fear in rats [3]. VNS-enhanced extinction affects plasticity in the pathway between 

the infralimbic region (IL) of the pre-frontal cortex and the basolateral complex of the amygdala 

(BLA), a pathway frequently linked to extinction learning [4]. High frequency stimulation (HFS) 

of the IL 48 hours after VNS-paired extinction leads to long term potentiation in the BLA, 

whereas rats given sham stimulation during extinction show long term depression in the BLA 

after HFS of the IL [5]. The molecular mechanisms by which VNS enhances extinction of fear 

and affects plasticity in the IL-BLA pathway are not well understood. We designed studies to 

assess the effect of VNS-paired extinction training on synaptic protein expression that could 

underlie VNS-enhanced extinction and affect plasticity in the IL-BLA pathway. Although VNS 

is approved for treatment in humans, the molecular mechanisms by which VNS leads to efficient 

treatment are unknown. This study elucidates molecular mechanisms by which VNS enhances 

memory and promotes neural plasticity. 

 During a fear situation, the sympathetic nervous system initiates release of epinephrine, which is 

followed by an increase in norepinephrine in the brain and subsequent enhancement of memory 

of the fear situation [6–9]. Stimulation of the vagus nerve promotes release of norepinephrine in 

the brain, influences plasticity in cortical areas, and enhances memory consolidation [1–3, 5,10–
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12], suggesting that the vagus nerve is involved in stress-induced memory enhancement. The 

vagus nerve also plays a role in the parasympathetic response that counteracts the peripheral 

fight-or-flight actions of the sympathetic nervous system. By administering VNS we aim to tap 

into the plasticity promoting mechanisms of the sympathetic nervous system while curbing 

peripheral stress effects. Because of the role of the vagus nerve in the stress/arousal pathway and 

the ability of VNS to modulate brain plasticity and memory, we believe that VNS could have 

therapeutic implications for disorders that present exaggerated memories of fear. We recently 

reported that VNS can enhance consolidation of fear extinction memory in healthy rats [3]. 

However, the ability of VNS to reverse impaired extinction of fear has not been tested. We 

designed experiments to investigate the potential of VNS to rescue extinction learning and affect 

synaptic plasticity in an impaired animal model.    

Autism is a neurodevelopmental disorder characterized by deficits in social interaction, impaired 

communication skills, and stereotyped behavior [13]. Other neurobehavioral deficits often co-

occur with autism, for example there is a high rate of co-morbidity between autism and anxiety 

disorders [14, 15]. Thirty percent of children with ASD have a specific phobia and 17% present 

social anxiety disorder [15], for which they often receive cognitive behavioral therapy (CBT). 

Although VNS enhances extinction of conditioned fear in healthy rats, it is not clear that VNS 

could reverse the impairments in extinction learning that are seen in humans with ASD. Pairing 

CBT sessions with VNS could help treat symptoms associated with exaggerated aversive 

memories and social anxiety in patients with ASD.  

 The etiology of autism is unknown, but ongoing research points to genetic abnormalities and 

environmental risk factors. Exposure to the teratogen valproic acid (VPA) is thought to be a risk 
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factor for ASD [16]. Rats prenatally exposed to VPA on day 12.5 of gestation (VPA-exposed 

rats) are used as an animal model of autism. VPA-exposed rats show cerebellar and brain stem 

abnormalities that resemble those seen in autopsy of patients with autism [17, 18]. In addition, 

VPA-exposed rats show impaired extinction learning, providing a model to study the effects of 

VNS on impaired extinction of fear [19, 20]. At the molecular level, VPA-exposed rats show 

abnormal protein regulation. Protein kinases like CaMKII, immediate early genes like Arc, and 

receptor proteins like NMDARs and AMPARs are important for learning and memory and 

crucial for synaptic plasticity. VPA-exposed rats exhibit decreased phosphorylation of CaMKII 

in the hippocampus [21]. Dysregulation of AMPA and NMDA receptors is seen in the brain of 

VPA-exposed rats [22–24]. We assessed the effect of VNS-paired extinction on synaptic protein 

expression in the BLA of VPA-exposed rats. This study sheds light on molecular abnormalities 

that could underlie cognitive deficits in VPA-exposed rats and on the effect of VNS treatment on 

these molecular pathways.  

Social interaction deficit is one of the core symptoms of ASD. Autism patients are often co-

diagnosed with social phobia, which is defined as the fear of social situations [15]. The BLA is 

important for fear and extinction memory formation [4, 25], as well as for social behaviors [25]. 

The ability of VNS to influence extinction of fear and affect plasticity in the BLA could prove 

helpful in alleviating deficits in social interaction seen in the VPA-induced rat model of autism. 

We studied molecular mechanisms of VNS-enhanced extinction and investigated the potential of 

VNS to rescue fear extinction learning, affect synaptic plasticity in the BLA, and alleviate social 

interaction deficits in the VPA-induced rat model of autism.  
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CHAPTER 21 

MOLECULAR MECHANISMS OF VNS-ENHANCED EXTINCTION 

ABSTRACT 

Vagus nerve stimulation (VNS) enhances the consolidation of extinction of conditioned fear. 

High frequency stimulation of the infralimbic cortex (IL) produces long-term potentiation in the 

basolateral amygdala (BLA) in rats given VNS-paired extinction training, whereas the same 

stimulation produces long-term depression in sham-treated rats. The present study investigated 

the state of synaptic plasticity-associated proteins in the BLA that could be responsible for this 

shift. Male Sprague-Dawley rats were separated into 4 groups: auditory fear conditioning only 

(fear-conditioned); fear conditioning + 20 extinction trials (extended-extinction); fear 

conditioning + 4 extinction trials paired with sham stimulation (sham-extinction); fear 

conditioning + 4 extinction trials paired with VNS (VNS-extinction). Freezing was significantly 

reduced in extended-extinction and VNS-extinction rats. Western blots were used to quantify 

expression and phosphorylation state of synaptic plasticity-associated proteins such as Arc, 

CaMKII, ERK, PKA, and AMPA and NMDA receptors. Results show significant increases in 

GluN2B expression and phosphorylated CaMKII in BLA samples from VNS- and extended-

extinction rats. Arc expression was significantly reduced in VNS-extinction rats compared to all 

groups. Administration of the GluN2B antagonist ifenprodil immediately after fear extinction 

training blocked consolidation of extinction learning. Results indicate a role for BLA CaMKII-

induced GluN2B expression and reduced Arc protein in VNS-enhanced extinction. 

                                                 

1A. Alvarez-Dieppa, K. Griffin, S. Cavalier, C. McIntyre, Vagus Nerve Stimulation Enhances Extinction of Conditioned Fear in Rats and Modulates Arc Protein, 

CaMKII, and GluN2B-Containing NMDA Receptors in the Basolateral Amygdala., Neural Plasticity. 2016 (2016) 4273280. Used with permission.  



 

5 

INTRODUCTION 

Extinction of conditioned fear is the process by which repeated exposure to a cue in the absence 

of the reinforcer leads to reduced expression of the conditioned fear response. This process 

requires the formation of a new memory that competes with the fear memory, thereby 

diminishing the fear response [4]. The persistence of strong aversive memories and the inability 

to extinguish fear are at the basis of disorders like phobias, panic disorder, obsessive compulsive 

disorder, and posttraumatic stress disorder [26–28]. Interventions that enhance extinction of fear 

could serve as treatments for disorders that present pathological fear and anxiety. 

Vagus nerve stimulation (VNS) is a therapy approved by the FDA for the treatment of epilepsy 

and drug-resistant depression. Research shows that when administered immediately after 

training, VNS enhances memory consolidation in humans and in rats [1, 2]. Administration of 

VNS to rats during trials of fear extinction reduces expression of conditioned fear faster than 

extinction training alone [3], suggesting that VNS could be an effective adjunct to exposure 

therapies used to treat trauma-related and anxiety disorders. However, the mechanisms by which 

VNS can modulate and enhance consolidation of fear extinction are not known. Plasticity in the 

pathway between the infralimbic region of the prefrontal cortex (IL) and the basolateral complex 

of the amygdala (BLA) is implicated in extinction learning [4, 29]. For instance, a study suggests 

that the excitatory synaptic strength in the medial prefrontal cortex- (mPFC-) BLA pathway 

decreases after extinction of fear [29]. We recently reported that high frequency stimulation 

administered to the IL produced long-term depression (LTD) in field potentials in the BLA in 

fear conditioned, but not naive rats. Fear-conditioned animals given sham stimulation during 

extinction training also demonstrated LTD in this pathway; however, the same high frequency 
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stimulation of the IL produced long-term potentiation (LTP) in the BLA in VNS-treated rats [4]. 

Extensive extinction training without VNS reversed the fear conditioning-induced LTD response 

to IL stimulation, possibly through LTP-like mechanisms, but did not result in LTP. A reduction 

in excitatory synaptic strength in the mPFC-BLA pathway [29] could allow for potentiation to 

more easily occur in the BLA when high frequency stimulation is applied to the IL [5]. These 

findings raise questions about the molecular mechanisms by which VNS enhances extinction of 

fear and influences plasticity in the IL-BLA pathway. 

The calcium/calmodulin-dependent protein kinase (CaMKII) is a synaptic protein that undergoes 

autophosphorylation at Thr286 when activated and plays an important role in induction and 

maintenance of LTP by interacting with both AMPA and NMDA receptors [30]. Active CaMKII 

affects AMPA receptors during the early stages of LTP through phosphorylation of the GluA1 

subunit of the AMPA receptor protein at S831, which in turn increases AMPA receptor 

conductance [31–33]. On the other hand, dephosphorylation of GluA1 at Ser845, which is 

targeted by cyclic-AMP protein kinase (PKA), is associated with LTD [33]. Exocytosis of 

AMPA receptors into the synaptic membrane, a mechanism thought to be important for later 

stages of LTP, depends in part on the RAS-extracellular regulated kinase (ERK) pathway, a 

pathway that can be stimulated by CaMKII [34, 35]. Activated CaMKII diffuses to the synapse 

and binds to the GluN2B subunit of NMDA receptors, a process that plays a role in LTP 

induction [36, 37]. Research on neuronal cell-cultures shows that these CaMKII/NMDA receptor 

complexes are persistent, suggesting that they might be involved in LTP maintenance as well 

[38]. Furthermore, studies suggest that GluN2B containing NMDA receptors in the BLA plays a 

role in amygdala-dependent conditioning [39, 40] and extinction learning [41]. 
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Immediate early genes (IEGs) are studied as a measure of experience/activity related synaptic 

plasticity. The activity-regulated cytoskeletal-associated protein (Arc) is a commonly studied 

IEG because it plays a critical role in memory-related plasticity [42]. For example, intra-BLA 

infusions of a memory enhancing beta-adrenergic agonist immediately after an inhibitory 

avoidance (IA) task leads to increased Arc expression in the hippocampus, whereas pretraining 

intrahippocampal infusions of an antisense oligodeoxynucleotide, which prevents Arc 

translation, leads to impaired long-term memory for this task [43]. Furthermore, research shows 

that Arc expression in the amygdala is required for consolidation of auditory fear conditioning 

[44]. Studies also show involvement of Arc in synaptic plasticity. Evidence provided by in 

vitro electrophysiology studies suggest that Arc plays a role in LTD by regulating AMPA 

receptor cycling [45, 46]. 

Experiments in the present study were designed to test the hypothesis that pairing VNS with 

extinction training predisposes synapses to induction of LTP by shifting the balance of synaptic 

plasticity-associated proteins like Arc and CaMKII and, in turn, affecting receptor activity. To 

test this hypothesis, rats were subjected to auditory fear conditioning followed by fear extinction 

training in the presence or absence of VNS. After completion of the behavioral training, 

immunoblotting techniques were used to analyze differences in the balance of plasticity-related 

proteins in the BLA. Levels and phosphorylation states of CaMKII and downstream targets 

known to be involved in synaptic plasticity like ERK, Arc, the GluA1 subunit of AMPA 

receptors, and the GluN2A and GluN2B subunits of NMDA receptors were measured in the 

BLA after auditory fear conditioning or after either extinction training paired with VNS or sham 

stimulation or extended-extinction training without stimulation. 
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MATERIALS AND METHODS 

Animals: Male Sprague-Dawley rats (Charles River Breeding Laboratories, Wilmington, MA), 

2-3 months old, were housed in a vivarium room, were kept on a 12-hour light/dark cycle, and 

had ad libitum access to food and water. All animal procedures were conducted in accordance 

with The University of Texas at Dallas Institutional Animal Care and Use Committee. 

Surgery: The VNS surgeries were performed as previously described [12, 47]. Briefly, 

platinum-iridium wire electrodes were housed in custom-made Micro-Renathane cuffs (0.04 in. 

i.d., 0.08 in. o.d., and 4 mm long). Rats were anesthetized with isoflurane (2% in O2; Western 

Medical Supply) and positioned in a stereotaxic frame. A head implant was constructed using 

bone screws and dental acrylic to position and fix the platinum-iridium wires to the top of the 

skull. The vagus nerve was accessed through a small cervical incision on the left ventral side. 

The muscles were separated and the vagus nerve and carotid artery were exposed. The vagus 

nerve was isolated and the electrode was wrapped around the nerve. The left vagus nerve was 

targeted; the right vagus nerve innervates the sinoatrial node and can cause cardiac arrest [48]. 

Brief cessation of breath was observed following VNS (0.2 mA, 60 Hz, and 10 sec) delivery to 

anesthetized rats, confirming stimulation of vagal fibers. Sham-stimulated rats underwent the 

same surgical procedure; however, the circuit was designed to be short at the level of the head 

implant (i.e., after implantation of the headcap, the vagus nerve was exposed and isolated but no 

electrode was placed around the nerve). Rats were allowed 7 days to recover from surgery. All 

rats were handled 5 min/day for 5 days before behavioral experiments. 
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Apparatus: Rats underwent auditory fear conditioning and fear extinction training in 1 of 2 

identical operant boxes built of Plexiglas walls (20 × 20 × 20 cm), with stainless steel rod 

flooring that was connected to a shock generator. The operant boxes were each located inside a 

sound-insulated chamber. A house light lit the chamber, while a digital camera located above the 

operant box recorded behavioral procedures. The session was viewed and monitored on a 

computer located outside the behavior room. Videos were saved for later analysis. 

Auditory Fear Conditioning (AFC): On day 1, rats were placed in a sound-insulated chamber 

where they were presented with 5 tones before conditioning in order to establish that the rats 

were not innately afraid of tone presentations. This was followed by 8 tone presentations (9 kHz, 

75 dB SPL, and 30 s duration) that coincided with 0.5 mA footshock lasting 1 s. Twenty-four 

hours later, rats underwent a second round of auditory fear conditioning identical to that of day 1. 

Each tone stimulus was presented at an interval of 4 min, on average (3–5 min range), and the 1 s 

footshock occurred at a random time during the 30-second tone. The chamber was cleaned with 

20% ethanol between subjects. 

Conditioned Fear Response Test (CFRT): Twenty-four hours after auditory fear conditioning 

(day 3), 4 tones were presented in the absence of footshock. The session was recorded by a 

digital camera, and time spent freezing during tone exposures was measured by investigators 

who were blind to the treatment group. Percentage of time spent freezing served as a measure of 

the conditioned fear response. Freezing was defined as complete immobility and posture 

consisting of lowered head, spread paws, and rapid respiration [49]. 
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Extinction Training (EXT): On day 4, rats were presented with 4 tones in the absence of 

footshock. During extinction trials, tones were paired with either VNS or sham stimulation. The 

vagus nerve or sham stimulation was delivered 150 ms before the onset of the tone, at an 

intensity of 0.4 mA, 500 μs pulse width at 20 Hz, and for duration of 30 s. 

Extended Extinction (EE): Rats underwent AFC on days 1 and 2, followed by a CFRT on day 

3. On day 4, during fear extinction training, 1 group of rats that did not undergo operation 

received 20 tones presentations in the absence of footshock or stimulation. 

Tissue Preparation: Rats were euthanized 45 min after completion of extinction training. 

Animals were anesthetized using isoflurane (Western Medical Supply), and brains were rapidly 

removed and flash-frozen in cold 2-methylbutane. Brains were kept at −80°C for later molecular 

analysis. Coronal cryosection procedures of 500 μm of thickness were taken, and the BLA was 

dissected using a tissue punch kit 0.5–0.9 mm in diameter. The tissue was then stored at −80°C 

to be used for immunochemical analysis. 

Western Blots: The tissue was suspended in lysis buffer (0.1 M phosphate buffer, pH 7.4, 10% 

glycerol, 10% phosphatase inhibitor, and 20% protease inhibitor) and sonicated. Protein amounts 

were assessed using a Qubit protein assay kit and fluorometer (Life Technologies). Equal 

amounts of protein (15 μg) for each sample were loaded into 4–12% gradient Bis-Tris MIDI gels 

(Life Technologies) and separated by electrophoresis. Proteins were then transferred from the gel 

onto a nitrocellulose membrane by electroblotting, using an iBlot dry-blotting system (Life 

Technologies). The membranes were blocked with 5% milk for one hour at room temperature. 

The membranes were immunoblotted with antibodies against Arc (rabbit; 1 : 1000; Synaptic 
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Systems), p-CaMKII and CaMKIIα and CaMKIIβ (rabbit; 1 : 500; Cell Signaling), p-PKA and 

PKA (rabbit; 1 : 1000; Cell Signaling), p-ERK and ERK (rabbit; 1 : 1000; Cell Signaling), p-

GluA1 at Ser831 and p-GluA1 at Ser845 (rabbit; 1 : 500; Millipore), GluA1 (rabbit; 1 : 500; Cell 

Signaling), GluN2A and GluN2B (rabbit; 1 : 500; Millipore), and PSD95 (rabbit; 1 : 1000; Cell 

Signaling) and incubated overnight at 4°C. Membranes were then probed with secondary HRP-

linked antibody (goat anti-rabbit; Cell Signaling) and incubated for 1 h at room temperature. A 

tris-buffered saline (TBS: 150 mM NaCl, 100 mM tris base, pH 7.5) solution containing 0.5% 

Tween was used to wash the membrane after incubation. Detection of immunoreactivity was 

determined by chemiluminescence (ECL Western Blot Kit, Pierce). Immunoblotting was 

normalized by comparison of the amount of protein of interest to total amount of PSD95 or actin 

protein loaded in the same sample. Tissue from all groups was loaded into adjacent wells within 

a gel for fair comparison. After imaging, films were scanned and analyzed using Image-J 

analysis software (NIH). 

Data Analysis: For protein analysis, differences across groups were analyzed using an 

unpaired t-test or ANOVA with Fisher's Protected LSD post hoc test. For behavioral analysis, 

two-way ANOVA with repeated measures and Dunnett's multiple comparisons test was used. A 

probability level of less than 0.05 was considered statistically significant. 

Drug Preparation and Administration: Ifenprodil tartrate salt (Sigma Aldrich), a 

noncompetitive, selective antagonist for GluN2B containing NMDA receptors, was dissolved in 

distilled water for systemic administration. To determine the influence of GluN2B receptor 

blockade on VNS modulation of consolidation of extinction, immediately after extinction 
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training or extended extinction, rats were injected with 5 mg/kg of ifenprodil or vehicle (i.p.) and 

returned to their cages. On day 5 rats were subjected to a CFRT drug-free. 

RESULTS 

 

We assessed the state of synaptic proteins in the BLA during consolidation of fear extinction. 

Rats were subjected to auditory fear conditioning followed by extinction training paired with 

either VNS (VNS-extinction rats) or sham (sham-extinction rats) stimulation, and tissue was 

collected from the BLA 45 min later [Figure 1(A)]. Rats given VNS during extinction training 

showed a significant increase in phosphorylation of CaMKII at Thr286 compared to sham-

extinction rats [Figure 1(B); t(13) = 2.305, p = 0.038]; no difference was seen in total levels of 

CaMKIIα [Figure 1(C); t(6) = 0.231, p = 0.825] or CaMKIIβ [Figure 1(D); t(6) = 0.947, p = 

0.380]. Administration of VNS during extinction training also leads to a decrease in Arc protein 

expression in VNS-extinction rats compared to sham-extinction rats [Figure 1(E); t(11) = 

2.907, p = 0.014]. No difference was seen in phosphorylation of PKA at Thr197 between groups 

[Figure 1(F); t(6) = 0.881, p = 0.412]. 

To further elucidate molecular effects of VNS-enhanced extinction, we assessed expression of 

downstream targets of p-CaMKII and proteins known to be affected by Arc expression that play 

important roles in synaptic plasticity. p-CaMKII can affect LTP through indirect phosphorylation 

of ERK and via interactions with both NMDA and AMPA receptors [31, 32, 34–37]. Rats given 

VNS during extinction training showed a significant increase in expression of the GluN2B 

subunit of NMDA receptors compared to sham-extinction rats [Figure 2(A); t(12) = 2.272, p = 

0.042]. No difference was seen in expression of the GluN2A subunit of NMDA receptors [Figure 

2(B); t(14) = 0.662, p = 0.518], in phosphorylation of the GluA1 subunit of AMPA receptors at 
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either the Ser831 [Figure 2(C); t(23) = 1.463, p = 0.157] or Ser845 site [Figure 2(D); t(10) = 

0.811, p = 0.435], or in phosphorylation of ERK protein [Figure 2(E); t(23) = 0.659, p = 0.515]. 

Rats given VNS during trials of fear extinction showed significant extinction of fear, whereas 

rats given sham stimulation during extinction did not [3].  

To determine if the molecular differences seen between VNS-treated and sham-treated rats were 

an effect of fear conditioning, successful extinction learning, or the treatment itself, two 

behavioral groups were added to the experiment: rats that underwent fear conditioning alone  

Figure 1. Increased expression of p-CaMKII and decreased expression of Arc protein in the BLA 

of animals given VNS during extinction training. (A) Timeline of behavioral protocol. On days 1 

and 2 rats were subjected to auditory fear conditioning (AFC) followed by a conditioned fear response 

test (CFRT) on day 3. On day 4 rats underwent extinction training (EXT) and were sacrificed 45 min 

later. (B) Rats given VNS during extinction training show higher levels of p-CaMKII compared to rats 

given sham stimulation (∗p < 0.05). (C, D) No significance difference in expression of CaMKIIα or 

CaMKIIβ across groups. (E) VNS-treated rats show lower levels of Arc protein expression compared 

to sham-treated rats (∗p < 0.05). (F) No difference in p-PKA expression across groups. 
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(fear-conditioned) and rats that reach successful extinction of fear after extended-extinction 

training without VNS [extended-extinction; Figure 3(A)]. There was a significant difference in 

expression of p-CamKII at Thr286 [Figure 3(B); F(3,22) = 6.843, p = 0.002]; VNS-extinction 

showed a significant increase in p-CaMKII compared to sham-extinction (p = 0.017) and fear-

conditioned rats (p = 0.033). Expression of p-CaMKII did not differ between VNS-extinction 

and extended-extinction rats (p = 0.263). The ANOVA revealed a significant difference in 

expression of GluN2B [Figure 3(C); F(3,18) = 4.697, p = 0.013]. GluN2B expression was 

significantly increased in VNS-extinction rats compared to sham-extinction (p = 0.018) and fear-

conditioned rats (p = 0.013). Levels of GluN2B did not differ between VNS-extinction and 

extended-extinction rats (p = 0.907). The ANOVA revealed a significant difference in expression 

of Arc protein [Figure 3(D); F(3,22) = 3.578, p = 0.030]; VNS-extinction rats showed a 

significant decrease in Arc expression compared to sham-extinction (p = 0.027), fear-conditioned 

(p = 0.006), and extended-extinction rats (p = 0.033). 

Figure 2. Increased expression of GluN2B in the BLA of rats given VNS during fear extinction 

training. (A) Rats given VNS during extinction training show higher levels of GluN2B compared to 

rats given sham stimulation (∗p < 0.05). (B–E) No significant difference in expression of GluN2A, p-

GluA1 at S845 or S831, or p-ERK across groups 
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An increase in GluN2B expression was measured in rats that showed significant extinction of 

conditioned fear [VNS-extinction and extended-extinction rats; Figure 3(C)]. This is consistent 

with previous findings indicating a critical role of GluN2B in the BLA in successful extinction of 

conditioned fear [41]. To determine whether GluN2B is a mediator of VNS enhancement of 

extinction learning, we administered the GluN2B specific antagonist ifenprodil. Rats underwent 

auditory fear conditioning followed by extinction training paired with VNS or sham stimulation 

or extended extinction. Ifenprodil or vehicle was injected (i.p.) immediately after extinction 

training, and conditioned fear was measured by a CFRT 24 hours later [Figure 4(A)]. The 

Figure 3. VNS accelerates molecular mechanisms of extinction learning. (A) Timeline of behavioral 

protocol. On days 1 and 2 rats were subjected to auditory fear conditioning (AFC). One cohort was 

sacrificed 45 min after AFC. Another cohort underwent a conditioned fear response test (CFRT; day 3), 

followed by extinction training (EXT) or extended-extinction (EE) training (day 4), and was sacrificed 

45 min later. (B-C) Rats given VNS during extinction training show higher levels of p-CaMKII and 

GluN2B compared to rats given sham during extinction training and rats that underwent auditory fear 

conditioning alone (FC; ∗p < 0.05) and do not differ from rats that underwent extended extinction. (D) 

Rats given VNS during extinction training show lower levels of Arc protein compared to all other 

groups (∗p < 0.05). 
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ANOVA revealed a significant effect for group [Figure 4(B); F(5, 35) = 3.799, p = 0.007], with 

the VNS-vehicle and EE-vehicle rats showing significantly lower freezing levels during the 

second CFRT compared to sham-vehicle rats (versus VNS p = 0.006; versus EE p = 0.001), as 

well as significantly lower freezing levels in VNS-vehicle rats compared to VNS-ifenprodil rats 

(p = 0.018).  

Figure 4. Ifenprodil blocks extinction learning in VNS-extinction and EE rats. (A) Timeline of 

behavioral protocol. On days 1 and 2 rats were subjected to auditory fear conditioning (AFC) followed 

by a conditioned fear response test (CFRT) on day 3. On day 4 rats underwent extinction training 

(EXT) or extended-extinction (EE) training that was immediately followed by an i.p. injection of 

ifenprodil or vehicle. On day 5 rats underwent a second CFRT (CFRT 2). (B) VNS-extinction and EE 

rats given a vehicle injection immediately after extinction training show a significant decrease in 

freezing levels during the second conditioned fear response test (CFRT 2) compared to sham-vehicle 

rats (∗). VNS-vehicle rats show significantly lower freezing levels during CFRT 2 compared to VNS-

ifenprodil rats (#).  



 

17 

DISCUSSION 

Recent work shows that coupling VNS with exposure to the tone during fear extinction training 

reduces expression of the fear response faster than extinction training alone [3]. This VNS-

induced enhancement in extinction learning is accompanied by changes in synaptic plasticity in 

the IL-BLA pathway; high frequency stimulation of the IL leads to enhanced LTP in the BLA of 

VNS-extinction rats but not in extended-extinction rats, whereas sham-extinction and fear-

conditioned rats showed LTD in the same pathway [5]. This experiment was designed to 

elucidate possible mechanisms by which VNS enhances extinction of fear and affects plasticity 

in the IL-BLA pathway. Rats underwent auditory fear conditioning followed by extinction 

training paired with either VNS or sham stimulation or extended extinction. Forty-five minutes 

after fear conditioning or extinction training, the BLA was removed and the state of synaptic 

proteins was assessed. The protein kinase CaMKII plays a role in memory formation and LTP. 

When phosphorylated at Thr286, it forms a protein-protein complex with the GluN2B subunit of 

NMDA receptors which has been implicated in LTP induction and maintenance [36, 50]. 

Furthermore, studies suggest that expression of GluN2B in the BLA is important for fear 

extinction learning [41, 51]. On the other hand, Arc protein expression has been linked to fear 

memory formation [43, 44] and to LTD via AMPA receptor endocytosis [45, 46]. Western blot 

analysis was used to assess expression of CaMKII, GluN2B, and Arc in the BLA of rats after 

fear conditioning and after either fear extinction training paired with VNS or sham stimulation or 

extended extinction. 

Results showed that VNS-extinction and extended-extinction rats have higher levels of p-

CaMKII and the GluN2B subunit of NMDA receptors compared to fear-conditioned and sham-



 

18 

extinction rats. Only VNS-extinction rats showed a significant decrease in Arc protein 

expression compared to all other groups. Expression of GluN2B in the BLA is important for 

successful extinction learning and blocking GluN2B expression immediately after extinction 

training using the specific antagonist ifenprodil impairs consolidation of extinction of fear [52]. 

Because VNS-extinction rats reach similar levels of extinction and show equivalent GluN2B 

levels to those in extended-extinction rats, we hypothesized that VNS-paired extinction 

accelerates molecular mechanisms known to be important for successful extinction learning. 

Ifenprodil administration immediately after extinction training blocked the VNS-induced 

enhancement of extinction, supporting the idea that VNS works by accelerating normal 

mechanisms of extinction learning. Long-term potentiation is associated with an increase in 

CaMKII activity [53–56]. Studies dissecting the role of CaMKII in LTP have found that, once 

active, p-CaMKII interacts with the GluN2B subunit of NMDA receptors and the protein 

complex formed is important for LTP [30]. Our results suggest that LTP occurs in the BLA after 

extinction training, and this mechanism is accelerated in VNS-extinction rats. Furthermore, 

research suggests that the CaMKII/NMDAR complex plays a structural role that contributes to 

synaptic strengthening [57, 58]. It is possible that the increase in p-CaMKII and GluN2B results 

in an increase in CaMKII-NMDAR complex which in turn increases synaptic strengthening that 

subsequently promotes LTP in the IL-BLA pathway [5]. 

Arc levels were decreased in VNS-extinction rats compared to all other groups. One known role 

of Arc is in endocytosis of AMPA receptors [45, 46]. Arc levels are known to increase in the 

BLA after auditory fear conditioning [59]. Based on our results, we propose a theory that Arc 

expression increases in the BLA after fear conditioning leading to AMPAR endocytosis, making 
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the pathway less excitable, increasing the disposition to LTD in the IL-BLA pathway, and 

predisposing synapses to LTD in the BLA of fear-conditioned and sham-extinction rats. 

Conversely, successful extinction learning in extended extinction leads to an increase in p-

CaMKII and GluN2B, making the pathway more excitable and reversing the propensity for LTD 

induction in sham-extinction and fear-conditioned rats to baseline levels. VNS-paired extinction 

accelerates the increase in p-CaMKII and GluN2B and reduces fear conditioning-associated Arc 

expression, leading to NMDAR stabilization (through increased CaMKII and GluN2B), more 

AMPAR in the membrane (through decreased Arc-regulated AMPAR endocytosis), and, 

consequently, a more excitable pathway, as reported by Peña et al. [5]. Whereas our findings 

suggest that LTP-like mechanisms occur in the BLA during the window of extinction-memory 

consolidation, Cho et al. [29] analyzed synaptic changes immediately after extinction-memory 

recall and found a reduction of excitatory synaptic strength in the medial prefrontal cortex- 

(mPFC-) BLA pathway. Timing, measures, and stimulation approaches differed between the two 

studies. Here, we analyzed synaptic proteins during the consolidation period after extinction, and 

Cho et al. recorded BLA responses following optogenetic stimulation of mPFC axons in the 

BLA after extinction recall. The molecular results presented here reflect protein expression in the 

BLA and are not specific to the IL-BLA pathway. 

In the postsynaptic density, CaMKII can also modulate activity of AMPA receptors [60, 61]; 

activation of CaMKII leads to phosphorylation of the GluA1 subunit of AMPA receptors at the 

Ser831 site, a process that promotes LTP by increasing AMPA receptor conductance [33, 62]. 

Research shows that phosphorylation of GluA1 at Ser831 correlates with LTP, whereas 

phosphorylation of GluA1 at Ser845 is associated with trafficking to extrasynaptic regions and 
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LTD [33]. In our studies we saw no significant difference in phosphorylation of GluA1 across 

groups. Another research shows that inactivation of AMPA receptors in the BLA during 

extinction of fear blocks the initial freezing response to the conditioned stimulus but does not 

affect long-term memory of extinction of fear. Conversely, blocking NMDA receptors in the 

BLA does not affect initial freezing to the conditioned stimulus but blocks long-term memory of 

extinction [63], suggesting that AMPA receptors in the BLA are involved in expression of 

conditioned fear whereas NMDA receptors in the BLA play a role in extinction of conditioned 

fear. In line with this study, our results suggest that VNS-paired extinction might work through 

an NMDA rather than AMPA-dependent mechanism to enhance extinction of fear. D-cycloserine 

is a partial agonist of NMDA receptors, and administration of d-cycloserine before extinction 

training enhances consolidation of extinction of fear [64]. DCS has shown promising results in 

the clinical field as an adjunct to exposure therapy [65, 66], a form of cognitive behavioral 

therapy (CBT) that is frequently used with the goal of extinguishing conditioned fears. Like 

DCS, VNS might work through NMDA receptors to enhance extinction of conditioned fear. 

Although direct stimulation of the vagus nerve requires a surgery, the spatial and temporal 

control of peripheral nerve stimulation exceeds that with drug administration, and noninvasive 

transcutaneous VNS is currently under investigation in humans for optimization as an adjunct to 

exposure therapy [67]. 

Metaplasticity was defined by Abraham and Bear [68] as the plasticity of synaptic plasticity. 

Metaplasticity refers to synaptic activation or synaptic change that can influence subsequent 

induction of synaptic plasticity. The mechanisms of metaplasticity overlap greatly with the 

mechanisms of synaptic plasticity, with evidence suggesting a role for NMDA receptor 
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activation, rises in postsynaptic calcium, and subsequent regulation of downstream components 

like protein kinases and phosphatases [68–73]. In studies of molecular correlates of LTP and 

LTD, it is important to consider that the changes observed can just as likely relate to 

metaplasticity as to synaptic plasticity. The studies reported by Peña et al. [5] provide evidence 

that VNS treatment during extinction training produces metaplasticity in the IL-BLA pathway. 

The Peña et al. [5] study shows that VNS-enhanced extinction predisposes the synapses towards 

potentiation, resulting in LTP when the IL-BLA pathway was stimulated 48 hours after VNS-

paired extinction training. The initial synaptic changes that occur after VNS-paired extinction 

training and modulate subsequent plasticity are unknown. The results reported here suggest that 

increased phosphorylation of CaMKII, increased levels of GluN2B, and decreased Arc protein 

expression are some of the metaplastic changes that facilitate LTP in the IL-BLA pathway. 

VNS-enhanced extinction leads to increased expression of synaptic proteins associated with LTP 

and decreased expression of Arc protein, which is associated with AMPA receptor endocytosis 

and LTD [45, 46]. Expression of GluN2B is increased in the BLA of VNS-treated rats and rats 

given extensive extinction training and blockade of GluN2B impairs extinction of conditioned 

fear, indicating that the upregulation of GluN2B expression plays a necessary role in the VNS-

induced enhancement of extinction. An increase in p-CaMKII may promote LTP by forming a 

complex with GluN2B and enhancing NMDA receptor function. These results are consistent 

with previous findings indicating that VNS enhances extinction of conditioned fear in rats and 

promotes plasticity in the IL-BLA pathway by predisposing synapses to induction of LTP. 
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CHAPTER 3 

THE EFFECT OF VAGUS NERVE STIMULATION ON IMPAIRED EXTINCTION 

AND SOCIAL ANXIETY 

 

ABSTRACT 

Vagus nerve stimulation (VNS) coupled with fear extinction training enhances extinction of fear 

in healthy rats, and affects plasticity in the basolateral complex of the amygdala (BLA). The 

valproic acid (VPA)-induced rat model of autism shows impaired extinction of fear and deficits 

in social interaction. This study was designed to test the potential of VNS to rescue extinction 

learning, affect plasticity in the BLA, and influence social behaviors in VPA-exposed rats. After 

VNS or sham surgery, rats were subjected to auditory fear conditioning followed by extinction 

training paired with VNS or sham stimulation. Another cohort was exposed to a social 

interaction task paired with VNS or sham stimulation. VPA-VNS rats showed a significant 

decrease in freezing levels 24 h after fear extinction training, whereas VPA-sham rats did not 

show a decrease in freezing. VPA-VNS rats demonstrated a preference for the social zone over 

the non-social zone, whereas VPA-sham rats showed no preference. Western blot analysis 

revealed a significant decrease in p-CaMKII and calcineurin, and higher levels of p-

GluA1(S845) in VPA-exposed rats compared to saline-controls. Results show that VNS 

administration can rescue extinction learning and alleviate social interaction deficits in VPA-

exposed rats. The study sheds light on molecular abnormalities that might underlie cognitive 

impairments seen in the VPA-induced rat model of autism.  
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INTRODUCTION 

Conditioned fear refers to the association between a conditioned stimulus and a salient 

unconditioned stimulus that elicits an unconditioned fear response. Extinction of fear is the 

process by which the fear response decreases after repeated presentations of the unconditioned 

stimulus in absence of the reinforcer. Extinction of fear requires the formation of a new memory 

that competes with the original fear memory [4]. The study of fear and extinction memory 

formation is important for understanding how disorders and symptoms characterized by strong 

aversive memories develop and may be treated.  

Vagus nerve stimulation (VNS) is a therapy approved by the FDA for the treatment of epilepsy 

and drug resistant depression. Research shows that when administered immediately after a 

learning task VNS enhances memory retention in both rats and humans [1, 2]. Administering 

VNS coupled with exposure to the conditioned cues during fear extinction training enhances 

extinction of fear in healthy rats [3]. The VNS-induced enhancement of extinction produces 

metaplasticity in the pathway between the infralimbic region of the prefrontal cortex (IL) and the 

basolateral complex of the amygdala [BLA; 5], a pathway that is implicated in extinction 

learning [74–76]. High frequency stimulation of the IL 48 hours after VNS-paired extinction 

leads to LTP in the BLA of rats given VNS during extinction training, whereas rats given sham 

stimulation show LTD [5]. We recently reported evidence of some of the metaplastic changes 

that occur in the BLA after VNS-paired extinction that might affect subsequent induction of 

plasticity, showing increased expression of p-CaMKII and the GluN2B subunit of NMDA 

receptors, and reduced expression of Arc protein in the BLA of rats given VNS during extinction 

training compared to rats given sham stimulation [77]. Active CaMKII plays a critical role in 
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learning and memory and LTP by interacting with both AMPA and NMDA receptors [30, 37, 60, 

78]. When phosphorylated at Thr286, CaMKII binds to the GluN2B subunit of NMDA receptors 

at the synapse, a process that has been implicated in LTP and memory formation [30, 37, 38, 57, 

58, 60]. Furthermore, research suggests that expression of GluN2B containing NMDA receptors 

in the BLA is important for amygdala dependent conditioning and extinction learning [41, 52, 

77]. Our studies showed that rats that reach successful extinction after an extended extinction 

protocol without any stimulation, like rats given VNS during extinction training, exhibit 

increased p-CaMKII and GluN2B expression in the BLA. Administration of the GluN2B 

antagonist ifenprodil after extinction training blocked extinction learning in both rats given VNS 

during extinction training and rats subjected to the extended extinction protocol [77]. These 

findings suggest that VNS accelerates molecular mechanisms implicated in extinction learning 

like increased GluN2B expression in the BLA, and blocking upregulation of GluN2B blocks the 

VNS-induced enhancement of extinction. Considering these results, we wanted to test the ability 

of VNS to accelerate mechanisms of extinction learning, and rescue extinction in an impaired 

animal model.   

Autism is a neurodevelopmental disorder characterized by deficits in social interaction, impaired 

communication skills, and stereotyped behavior [13]. The etiology of autism is unknown, but 

ongoing research points to genetic abnormalities and environmental risk factors. Exposure to the 

teratogen valproic acid (VPA) is thought to be a risk factor for ASD [16]. Rats prenatally 

exposed to VPA on day 12.5 of gestation (VPA-exposed rats) are used as an animal model of 

autism. VPA-exposed rats show cerebellar and brainstem abnormalities that resemble those seen 

in autopsy of patients with autism [18]. In addition, VPA-exposed rats show impaired extinction 
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learning [19, 20], providing a model that allows us to study the potential of VNS to reverse fear 

extinction impairments.  

At the molecular level, VPA-exposed rats show abnormal protein regulation. VPA-exposed rats 

exhibit decreased phosphorylation of CaMKII in the hippocampus [21]. Research shows 

abnormal expression of neuronal markers of excitability in the prefrontal cortex and neocortex, 

including increased expression of GluN2B, GluA1, and CaMKII in young VPA-exposed rats 

[22–24, 79, 80]. The hyper-function of NMDA receptors seen in the prefrontal cortex of young 

VPA-exposed rats [81–83] is thought to switch to hypo-function in adult VPA-exposed rats [24]. 

Many of the behavioral impairments present in the VPA-induced model of autism persist after 

development and are seen in adult VPA-exposed rats. However, most of the molecular research 

has been done in rats 4 weeks or younger, and the molecular abnormalities that might persist 

after development are not well understood. Furthermore, the status of synaptic protein expression 

in the BLA, an area of the brain critical for extinction learning [4], has not been well studied in 

the VPA-induced rat model of autism. 

Anxiety disorders and social phobias are highly comorbid in autism. Approximately 17% of 

autism patients are co-diagnosed with social phobia, which is an anxiety disorder where the 

patient exhibits excessive fear of social interactions [14]. The BLA is important for social 

behaviors [25]. The ability of VNS to influence extinction of fear [3], and affect plasticity in the 

BLA [5, 77] could prove beneficial for the treatment of social anxiety. VPA-exposed rats 

demonstrate social interaction deficits [19, 20, 23], providing a model to test the potential of 

VNS to influence social behaviors.  
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This study was designed to test the ability of VNS to rescue extinction learning in VPA-exposed 

rats, to assess markers of VNS-induced synaptic plasticity, and in turn elucidate synaptic protein 

abnormalities in the BLA of VPA-exposed rats that might underlie the fear extinction 

impairment. Furthermore, this study looks at the ability of VNS to alleviate social interaction 

impairments in the VPA-induced rat model of autism.  

MATERIALS AND METHODS 

Animals: Female Sprague-Dawley rats (Taconic) were bred and injected with 500 mg/kg valproic 

acid or equal volumes of saline. Male offspring 2-3 months old were used for behavior. All animals 

were housed in a vivarium room, kept on a 12 hour light/dark cycle, and had ad libitum access to 

food and water. All animal procedures were conducted in accordance with the University of Texas 

at Dallas Institutional Animal Care and Use Committee. 

Drug preparation and administration: Valproic acid sodium salt (Sigma Aldrich), was dissolved 

in distilled saline for systemic administration. To induce the valproic acid rat model of autism, 

pregnant dams were injected on day 12.5 of gestation with 500 mg/kg of valproic acid 

intraperitoneally.  

Surgery: The VNS surgeries were performed as previously described [12, 47]. Briefly, micro-

renathane cuffs (0.04 in. i.d., 0.08 in. o.d., 4 mm long) containing platinum-iridium wire electrodes 

were constructed. Rats were anesthetized with isofluorane (2% in O2; Western Medical Supply) 

and positioned in a stereotaxic frame. Dental acrylic and bone screws were used to build a head 

implant in order to fix the platinum-iridium wires to the top of the skull. A small cervical incision 

on the left ventral side was made, the muscles were separated, and the vagus nerve and carotid 

artery were exposed. The vagus nerve was isolated and the electrode was implanted around the 
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nerve. In order to confirm vagal fiber stimulation, VNS was delivered (0.2 mA, 60 Hz, 10 sec) and 

a brief cessation of breath was observed. Sham-stimulated rats underwent the same surgical 

procedure, however the circuit was designed to short at the level of the head implant (i.e. after 

implantation of the headcap, the vagus nerve was exposed and isolated but no electrode was placed 

around the nerve). Rats were allowed 7 days to recover from surgery. All rats were handled 5 

min/day for 5 days before behavioral experiments.  

Apparatus: Fear conditioning and fear extinction training were conducted in operant boxes built 

of Plexiglas walls (20x20x20 cm) with stainless steel rod flooring located inside sound insulated 

chambers. The operant boxes were connected to a shock generator. The chamber was lit, and a 

digital camera recorded the behavior. The session was monitored on a computer located outside 

the behavior room. Videos were saved for later analysis.  

Auditory Fear Conditioning (AFC): On day 1, rats were presented with 2 tones before 

conditioning in order to establish that the rats were not innately afraid of tone presentations. This 

was followed by 4 tone presentations (9 kHz, 30 s duration) that coincided with a 0.5 mA footshock 

lasting 1 s. Each tone stimulus was presented at an interval of 3 min, on average (2-4 min range), 

and the 1 s footshock occurred at a random time during the 30-s tone. The chamber was cleaned 

with 20% ethanol between each subject.  

Extinction Training (EXT): On day 2, rats were presented with 8 tones in the absence of 

footshock. During Extinction trials, each tone was paired with either vagus or sham stimulation. 

The vagus nerve or sham stimulation was delivered 150 ms before the onset of the tone, at an 

intensity of 0.4 mA, 500 µs pulse width at 20 Hz, and for duration of 30 s. The session was recorded 

by a digital camera, and time spent freezing was measured by investigators who were blind to the 
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treatment group. Percentage of time spent freezing served as a measure of the conditioned fear 

response. Freezing was defined as complete immobility, and posture consisting of lowered head, 

spread paws, and rapid respiration [49]. 

Conditioned Fear Response Test (CFRT): Twenty-four hours after fear extinction training (day 

3), 8 tones were presented in the absence of footshock. The session was recorded by a digital 

camera. Percentage of time spent freezing served as a measure of the extinction of fear.  

Tissue Preparation: Rats were euthanized 45 min after the CFRT. Animals were anesthetized 

using isoflurane (Western Medical Supply), and brains were rapidly removed and flash frozen in 

cold 2-methylbutane. Brains were kept at -80 ℃ for later molecular analysis. Coronal cryosections 

of 500 µm of thickness were taken, and the BLA was dissected using a tissue punch kit 0.5-0.9 

mm in diameter. The tissue was then stored at -80 ℃ to be used for immunochemical analysis.   

Western Blots: The tissue was suspended in lysis buffer (0.1 M phosphate buffer, pH 7.4, 10% 

glycerol, 10% phosphatase inhibitor, and 20% protease inhibitor) and sonicated. Protein amounts 

were assessed using a Qubit protein assay kit and fluorometer (Life Technologies). Equal 

amounts of protein (15 ug) for each sample were loaded into 4-12% gradient Bis-Tris MIDI gels 

(Life Technologies) and separated by electrophoresis. Proteins were then transferred from the gel 

onto a nitrocellulose membrane by electroblotting, using an iBlot dry-blotting system (Life 

Technologies). The membranes were blocked in 5% milk for 1 h at room temperature. The 

membranes were immunoblotted with antibodies against p-CaMKII and CaMKIIα (rabbit; 1:500; 

Cell Signaling), p-GluA1 at Ser845 (rabbit; 1:500; Millipore), GluA1 (rabbit; 1:500; Cell 

Signaling), GluN2B (rabbit; 1:500; Millipore), PSD95 (rabbit; 1:1000; Cell Signaling), and 

incubated overnight at 4℃. Membranes were then probed with secondary HRP-linked antibody 
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(goat anti-rabbit; Cell Signaling), and incubated for 1 h at room temperature. A tris-buffered 

saline (TBS: 150 mM NaCl, 100 mM tris base, pH 7.5) solution containing 0.5% Tween was 

used to wash the membrane after incubation. Detection of immunoreactivity was determined by 

chemiluminescence (ECL Western Blot Kit, Pierce).  Immunoblotting was normalized by 

comparison of the amount of protein of interest to total amount of PSD95 or actin protein loaded 

in the same sample. Tissue from all groups was loaded into adjacent wells within a gel for fair 

comparison. After imaging, films were scanned and analyzed using Image-J analysis software 

(NIH).   

Sociability Test: The sociability test performed was an adapted version of the 3-chamber 

sociability test which has been described previously [23]. Prior to the sociability test rats were 

habituated to stimulation; all rats received one VNS or sham stimulation a day for 3 days prior to 

the task, in a chamber different than that used for the sociability test. The test was performed in a 

rectangular box 70 cm in length x 30 cm wide x 50 cm in depth. Markings on the floor divided 

the apparatus into three zones: social zone, non-social zone, and center. During the habituation 

phase of the task the subject rat was placed in the apparatus and allowed to move freely for 5 

min. After five minutes a cage containing a stimulus rat was placed in the social zone, and an 

identical empty cage was placed in the non-social zone. The subject rat was allowed to roam 

freely for 10 min. The session was recorded by a digital camera. Time spent in the social zone, 

non-social zone, and center were measured by investigators who were blind to the treatment 

groups. A sociability index was calculated using the following formula: (time spent in social 

zone –time spent in non-social zone / (time spent in social zone + time spent in non-social zone).  



 

30 

Data Analysis: For protein analysis, differences across groups were analyzed using an ANOVA 

with Fisher’s post-hoc test. For behavioral analysis a two-way ANOVA with repeated measures 

and multiple comparisons test was used. A probability level of less than 0.05 was considered 

statistically significant.  

RESULTS 

We tested the potential of VNS to rescue extinction learning in the VPA-induced rat model of 

autism, which shows impaired extinction of fear. VPA-exposed and saline-control rats were 

subjected to auditory fear conditioning followed 24h later by extinction training paired with VNS 

or sham stimulation, and conditioned fear was tested during a conditioned fear response test 

(CFRT) on day 3 (Figure 5A). There was no difference in fear acquisition between groups as 

seen by similar freezing levels measured on day 2. On day 3, VPA-sham rats did not show a 

significant reduction in freezing compared to day 2. VPA-VNS rats showed a significant 

reduction in freezing on day 3 compared to day 2, and freezing levels that were significantly 

lower than that of VPA-sham rats, and not different from saline-controls [F(3,34)=3.994, 

p=0.015; Figure 5B]. 

We previously reported that VNS-enhanced extinction modulates expression of p-CaMKII and 

GluN2B in the BLA of healthy rats during fear extinction consolidation [77]. Furthermore, 

studies show abnormal expression of GluN2B in the prefrontal cortex as well as abnormal levels 

of CaMKII in the hippocampus of VPA-exposed rats [21, 79]. In this study, we assessed the 

effect of VNS-enhanced extinction on expression of p-CaMKII and GluN2B in the BLA of 

saline-control and VPA-exposed rats, after extinction recall. Rats underwent auditory fear 

conditioning followed by extinction training paired with VNS or sham stimulation. On day 3 rats 
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underwent a conditioned fear response test, and were sacrificed 45 min after extinction recall for 

molecular analysis (Figure 6A). Saline-VNS and VPA-VNS rats showed a significant increase in 

expression of phosphorylated CaMKII compared to saline-sham and VPA-sham rats 

[F(3,27)=5.231, p=0.005; Figure 6B]. VPA-VNS and saline-VNS rats showed a significant 

increase in GluN2B expression compared to VPA-sham and saline-sham rats [F(3,27)=3.416, 

p=0.031; Figure 6C]. 

Figure 5. VNS administration during fear extinction training rescues extinction learning in VPA-

exposed rats. (A) Timeline of behavioral protocol. Rats underwent auditory fear conditioning (AFC) 

on day 1, followed by extinction training (EXT) paired with VNS or sham stimulation on day 2, 

followed by a conditioned fear response test (CFRT) on day3.  (B) Like saline-controls, VPA-VNS rats 

showed a significant decrease in freezing on day 3 compared to day 2 (*). There was no significant 

difference in freezing levels between day 2 and 3 in VPA-Sham rats (NS).  
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To identify possible molecular abnormalities that underlie cognitive deficits in VPA-exposed 

rats, we assessed synaptic protein expression in the BLA of VPA-exposed and saline-control 

rats. Research shows abnormal expression of the GluA1 subunit of AMPA receptors in the 

prefrontal cortex of VPA-exposed rats [79]. We measured phosphorylation of the GluA1 subunit 

of AMPA receptors in the BLA after fear extinction recall (Figure 7A). VPA-exposed rats 

showed significantly higher levels of phosphorylated GluA1 at Ser845 compared to saline-sham 

and saline-VNS rats. Levels of p-GluA1(Ser845) were also elevated in VPA-VNS rats compared 

to saline-sham and saline-VNS rats [F(3,23)=3.309, p=0.038; Figure 7B]. We assessed 

expression of calicineurin, a phosphatase responsible for dephosphorylating GluA1 at Ser845 

[84]. VPA-sham rats showed significantly lower levels of calcineurin compared to saline-sham 

Figure 6. Increased p-CaMKII and GluN2B after fear extinction recall in VNS-treated rats. (A) 

Timeline of behavioral protocol. (B) VPA-Sham rats showed a significant decrease in p-CaMKII in 

the BLA compared to saline-controls. Saline-VNS rats showed higher levels of p-CaMKII compared 

to VPA-Sham and Saline-Sham rats. (C) Saline-VNS and VPA-VNS rats showed a significant 

increase in GluN2B expression in the BLA compared to Saline-Sham and VPA-Sham rats.   
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rats [F(3,31)=3.355, p=0.031; Figure 7C]. There was no difference in calcineurin expression 

between VPA-sham rats and saline-VNS rats or VPA-VNS rats (Figure 7C).  

The ability of VNS to influence extinction of fear and affect plasticity in the BLA, which is 

implicated in social behaviors, could affect social interaction in VPA exposed rats. VPA-exposed 

rats show impaired social interaction [19, 20, 23]. After VNS or Sham surgery, VPA-exposed 

and saline-control rats were habituated to stimulation and later subjected to a 3-chamber 

sociability test (Figure 8A). The first eight entries to the social zone were paired with VNS or 

sham stimulation. Saline-control rats showed a high preference for the social zone compared to 

the non-social zone; they spent more time in the social zone than the non-social zone. There was 

no significant difference in time spent in the social zone versus non-social zone in VPA-sham 

Figure 7. VPA-exposed rats show increased phosphorylation of GluA1 at S845 and decreased 

expression of calcineurin in the BLA. (A) Timeline of behavioral protocol. (B) VPA-Sham and 

VPA-VNS rats show higher levels of p-GluA1(S845) compared to saline controls. (C) VPA-Sham, 

VPA-VNS, and Saline-VNS rats show lower levels of calcineurin compared to Saline-Sham rats.  
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rats. VPA-exposed rats that received VNS paired with entries to the social zone spent more time 

in the social zone compared to the non-social zone [F(6, 57)=13.00, p<0.001; Figure 8B]. VPA-

VNS rats showed a sociability index that was higher than that of VPA-sham rats and not 

different from saline-controls [F(3,19)=8.411, p=0.0009; Figure 8C].  

Figure 8. VNS administration during a sociability test alleviates social interaction deficits in 

VPA-exposed rats. (A) Timeline of behavioral protocol. To habituate to stimulation rats received 

one stimulation a day for 3 days. (B) Saline-controls and VPA-VNS rats spent more time in the 

social zone compared to the non-social zone. There was no significant difference between time 

spent in the social zone versus non-social zone in VPA-Sham rats. (C) VPA-VNS rats presented a 

sociability index that was higher than the sociability index of VPA-Sham rats, and not different 

from the sociability index of saline-controls.  
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DISCUSSION 

Vagus nerve stimulation is approved by the FDA for the prevention of seizures in humans. 

Administration of VNS during trials of fear extinction learning enhances extinction of fear in 

healthy rats, and affects synaptic plasticity in regions of the brain that are important for fear and 

extinction memory formation[3, 5, 77]. These findings position VNS as a potential adjunct to 

behavioral therapy for the treatment of disorders that are characterized by strong aversive 

memories or resistance to extinction of fear, like phobias and other anxiety disorders.  This 

experiment was designed to test the potential of VNS to reverse fear extinction impairments in 

the VPA-induced rat model of autism, and to assess the status of synaptic markers in the BLA, 

an area of the brain important for extinction learning. We previously found that VNS enhances 

extinction of fear in healthy rats [3]. This study shows that VNS can rescue fear extinction 

learning in the VPA-induced rat model of autism, which exhibits impaired extinction of fear [19, 

20]. We previously reported that VNS-enhanced extinction leads to increased expression of p-

CaMKII and GluN2B in the BLA of healthy rats during the window of extinction-memory 

consolidation [77]. In this study we report increased expression of p-CaMKII and GluN2B after 

extinction recall in the BLA of both saline-control and VPA-exposed rats given VNS during 

extinction learning. Although research reports abnormal GluA1 expression in the brain of VPA-

exposed rats [79], little is known about the state of GluA1 expression in the BLA of VPA-

exposed rats. We found increased expression of phosphorylated GluA1 at S845 in the BLA of 

VPA-exposed rats which was not reversed by VNS treatment, as VPA-VNS rats also showed 

higher levels of p-GluA1-S845 compared to saline-controls. We also found significantly lower 

levels of calcineurin, a phosphatase responsible for dephosphorylating the S845 site of GluA1 
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[84], in VPA-exposed rats compared to saline-controls. Calcineurin expression was also reduced 

in both saline-control and VPA-exposed rats given VNS during fear extinction training. We 

tested the ability of VNS to influence social behaviors in VPA-exposed rats, which show 

impaired social interaction. During a sociability test, entries to the social zone were paired with 

VNS or sham stimulation [19, 20, 23]. VPA-exposed rats that received VNS during the 

sociability test spent more time in the social zone than the non-social zone, whereas time spent in 

the social and non-social zones did not differ for VPA-exposed rats given sham stimulation. 

Furthermore, VPA-VNS rats showed a sociability index that was significantly higher than that of 

VPA-sham rats, and similar to that of saline controls.  

Autism is a neurodevelopmental disorder characterized by impaired communication skills, 

repetitive behaviors, and deficits in the social domain [13]. About 40% of patients with autism 

are co-diagnosed with an anxiety disorder, and about 30% are co-diagnosed with a specific 

phobia [15]. A diagnosis of specific phobia, or other anxiety disorders, can contribute greatly to 

the functional deficit of a patient with autism, with serious implications for finding an effective 

treatment and providing helpful care for the patient. Exposure therapy for the treatment of 

anxiety disorders has shown great promise in patients with autism [85–88]. Fear extinction 

training models exposure therapy; our previous findings that VNS enhances extinction of fear in 

healthy rats [3] suggests that VNS could be an effective adjunct to exposure therapy for the 

treatment of disorders characterized by strong aversive memories or resistance to extinction of 

fear. In this study, we provide further evidence of the potential of VNS-paired exposure therapy 

by showing that VNS can enhance extinction training in an impaired animal model. Patients with 
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ASD represent a population that could benefit from VNS-paired exposure therapy for the 

treatment of the very detrimental co-diagnosis of specific phobia or other anxiety disorders.  

We recently reported that VNS promotes extinction learning via modulation of p-CaMKII and 

GluN2B in the BLA during consolidation of extinction of fear [77]. Here we provide further 

evidence that modulation of p-CaMKII and GluN2B in the BLA is important for the VNS-

induced enhancement of extinction, by showing that p-CaMKII and GluN2B are also increased 

after extinction recall in rats that received VNS during extinction training. Expression of these 

proteins in the BLA are implicated in extinction learning [30, 41, 52], and we show that 

modulating these proteins with VNS can reverse fear extinction impairments in the VPA-induced 

rat model of autism.  

The modulation of AMPA receptor expression at the synapse is crucial for memory and long-

term changes in synaptic strength [32–34, 45, 61, 78]. Phosphorylation at the S845 site of the 

GluA1 subunit is associated with AMPAR insertion and synapse potentiation [32]. Long-term 

depression (LTD) in naïve synapses involves the dephosphorylation of S845 by calcineurin [33, 

84]. Here we report higher levels of p-GluA1-S845 in the BLA of VPA-exposed rats compared 

to saline controls, and consistent with this finding, we see lower expression of calcineurin in 

VPA-exposed rats. The increase in S845 phosphorylation was not reversed by VNS treatment. 

Although abnormal GluA1 regulation could underlie some of the cognitive impairments seen in 

VPA-exposed rats, it is unclear from this study how it could relate to fear extinction 

impairments. Decreased calcineurin expression is consistent with higher p-GluA1-S845, 

however the finding that the VNS-induced decrease in calcineurin does not coincide with an 

increase in p-GluA1-S845 is contradicting. CaMKII and calcineurin have been found to have 
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opposing roles [89]. Research shows that active CaMKII can inhibit calcineurin activity [89]. It 

is possible that the VNS-induced increase in p-CaMKII also results in attenuation of calcineurin 

expression, and while VPA-exposed rats have abnormal calcineurin expression, the increase in p-

CaMKII after VNS treatment might also lead to decreased calcineurin in saline-controls given 

VNS during extinction training. This study exposes calcineurin modulation as part of the protein 

cascade affected by VNS-paired extinction.  

Deficits in the social domain is a hallmark symptom of autism [13]. Autism patients are often co-

diagnosed with social phobia, which refers to the fear of social situations [15]. Resembling this 

symptom, VPA-exposed rats show impaired social interaction [19, 20, 23]. We showed in this 

study that administering VNS during a social interaction task alleviates social deficits in VPA-

exposed rats. The VNS-effect on social interaction was acute, as it was seen during the task when 

the animals were receiving stimulation. Research suggests that chronic VNS can have anxiolytic 

effects [48 ,91]. In this study the animals received one stimulation a day for 3 days prior to the 

task, and then received 8 stimulations during the task. It is possible that the anxiolytic properties 

of VNS have beneficial effects for social interaction in VPA-exposed rats.  

This study shows that administration of VNS during fear extinction training rescues extinction 

learning in the VPA-induced rat model of autism, which shows impaired extinction of fear. 

Consistent with our previous report, VNS-paired extinction training modulated expression of p-

CaMKII and GluN2b in the BLA after fear extinction recall. Additionally, we observed 

decreased calcineurin expression in the BLA in rats given VNS during extinction training. We 

identified increased phosphorylation of the GluA1 subunit of AMPA receptors at the S845 site in 

the BLA of VPA-exposed rats, and decreased expression of calcineurin, a phosphatase 
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responsible for dephosphorylating pGluA1-S845. Rescuing extinction learning with VNS 

treatment did not reverse the abnormal GluA1 phosphorylation or calcineurin expression, and it 

appeared to also decrease calcineurin expression in saline controls. Administration of VNS 

during a sociability test alleviated the social interaction deficits seen in the VPA-induced rat  

model of autism.  
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CHAPTER 4 

CONCLUSIONS 

 

 

Molecular mechanisms of VNS-enhanced extinction.  

Administration of vagus nerve stimulation (VNS) coupled with exposure to the conditioned cues 

during fear extinction training enhances extinction of fear [3]. VNS-enhanced extinction 

produces metaplasticity in the pathway between the infralimbic region (IL) of the prefrontal 

cortex and the basolateral complex of the amygdala [BLA; 5, 77], a pathway crucial for 

extinction learning [4]. High frequency stimulation (HFS) of the IL 48 hours after VNS-paired 

extinction training produces long-term potentiation (LTP) in the BLA. Conversely, long term 

depression (LTD) is seen in the BLA of rats given sham stimulation during extinction training, 

after HFS of the IL [5]. To assess how VNS paired training affects plasticity in the IL-BLA 

pathway in such a way that subsequent stimulation of the pathway leads to LTP in animals given 

VNS, and LTD in animals given sham stimulation, we assessed synaptic protein expression in 

the BLA 48 hours after extinction training paired with treatment. At this time, when rats would 

have undergone the previously described electrophysiology experiments, we looked at 

expression of proteins linked to synaptic plasticity and memory like CaMKII and Arc, as well as 

expression of the GluN2A and GluN2B subunits of NMDA receptors, and the phosphorylation 

state of the GluA1 subunit of AMPA receptors. Although the electrophysiology studies showed 

differences in plasticity 48 h after VNS-paired extinction, we saw no difference in protein 

expression in the BLA between groups at this timepoint (Figure 9). CaMKII and Arc are activity-

dependent proteins and expression of these proteins peaks 45 min to 1 h after neuronal activity. 

However, we measured protein expression 48 h after VNS-paired extinction, and 24 h after fear 
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extinction recall, the last event to involve the IL-BLA pathway. Therefore, we considered the 

possibility that we missed the window of high synaptic plasticity-associated protein expression 

that sets the stage for subsequent induction of LTP and LTD, and set out to determine differences 

in synaptic protein expression 45 min after VNS-paired extinction. Rats given VNS during 

extinction training showed higher levels of p-CaMKII and GluN2B and lower levels of Arc 

protein compared to rats given sham stimulation. Rats that reach successful extinction through an 

extended extinction protocol in the absence of treatment also showed increased expression of p-

Figure 9. No difference in synaptic protein expression 48 hours after VNS-paired extinction 

training. (A) Timeline of behavioral protocol. Rats underwent auditory fear conditioning (AFC) 

followed by a conditioned fear response test (CFRT) on day 3. On day 4 rats underwent extinction 

training (EXT) that was paired with VNS or sham stimulation, followed by a second CFRT on day 5. 

On day 6 all rats were sacrificed for molecular analysis. (B-G) No difference was seen in levels of p-

CaMKII, expression of the GluN2B or GluN2A subunits of NMDA receptors, Arc protein expression, 

or phosphorylation of the GulA1 subunit of AMPA receptors at either the S845 or S831 sites.  
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CaMKII and GluN2B. GluN2B expression in the BLA is important for extinction learning [41, 

52]. Blocking GluN2B expression in the BLA during extinction memory consolidation blocked 

extinction learning in both VNS and extended extinction rats [77; see Chapter 2]. These results 

suggest that VNS works through normal mechanisms of extinction to accelerate extinction of 

fear, and therefore blocking these mechanisms blocks the VNS-induced enhancement.  

The Pena et al. [5] studies show that like sham-treated rats, rats that underwent fear conditioning 

alone also showed LTD in the BLA after HFS to the IL, suggesting this might be fear-related 

plasticity. Rats that underwent extended extinction show baseline recordings, which could 

represent enough potentiation to reverse the fear-conditioning associated LTD [5]. In line with 

this study, our experiments show increased expression of proteins that are important for 

potentiation in extended-extinction rats. Phosphorylated CaMKII plays a crucial role in LTP 

partly through interaction with the GluN2B subunit of NMDA receptors. CaMKII forms a 

protein complex with GluN2B which stabilizes NMDA receptors in the membrane and promotes 

LTP [30, 37, 38]. Our findings suggest that LTP-like processes occur in the BLA during 

consolidation of extinction, and this in turn might facilitate subsequent potentiation in the IL-

BLA pathway. Sham and fear-conditioned rats show LTD in the BLA after HFS of the IL [5], 

and have higher expression of Arc protein compared to VNS rats [77]. Arc has been closely 

linked to LTD processes via its role in AMPA receptor endocytosis, and Arc expression in the 

BLA is important for fear memory formation [42–44]. Apart from the increase in LTP-related 

proteins, VNS rats show a decrease in Arc expression compared to all other groups [77]. We 

propose that the increase in LTP-related proteins in combination with the decrease in Arc 

protein, which is involved in LTD, promotes the enhanced potentiation seen in VNS rats after 
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HFS to the IL. Extended extinction rats show increased expression of LTP-related proteins but 

no reduction in the fear conditioning-associated Arc expression, consistent with potentiation that 

reverses fear-conditioning associated LTD to baseline levels. In line with these studies, we 

propose a model in which fear-conditioned and sham rats have lower receptor protein expression 

in the membrane due to higher Arc expression that leads to AMPAR endocytosis and no increase 

in LTP-related proteins. In rats given extended extinction training, we propose that an increase in 

LTP-related proteins promotes expression of NMDA receptors in the membrane, but in the 

presence of Arc-induced endocytosis of AMPA receptors, which in turns represents baseline 

activity. Conversely, VNS rats show increased NMDA receptor expression consistent with the 

increase in p-CaMKII and GluN2B, in combination with higher AMPAR expression due to less 

Arc-related endocytosis, and consistent with cells that are more easily potentiated (Figure 10).   

A question that remains unanswered is how VNS leads to these changes in synaptic proteins in 

the BLA. The vagus nerve projects to the locus coeruleus which in turn sends noradrenergic 

projections throughout the brain, including projections to the prefrontal cortex and BLA. 

Expression of NE in the BLA is important for fear and extinction memory formation, and 

research shows that infusion of NE into the BLA immediately after extinction training enhances 

extinction of fear [6–8, 43]. Through β-adrenoreceptor activation, norepinephrine can enhance 

LTP and memory formation [92–94]. Treatment of hippocampal slices with a β-adrenoceptor 

agonist can modify the threshold for LTP [95], and application of NE to the CA1 region of the 

hippocampus triggers metaplastic events that lead to enhanced maintenance of LTP during 

subsequent induction, suggesting that activation of β-adrenoceptors by norepinephrine initiates 
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downstream signaling cascades that prime synapses for future long-lasting plasticity [96]. 

Consistent with these studies, we propose that VNS increases NE expression in the IL-BLA 

pathway, primes the pathway for LTP, and in turn enhances extinction of fear. Norepinephrine 

release during associative fear learning suppresses GABAergic inhibition of local circuit 

interneurons in the amygdala and enables LTP at thalamo-amygdala synapses [97].  Although 

our hypotheses about the mechanisms of VNS enhanced extinction focus on the IL-BLA 

pathway because of the evidence provided by the Pena et al. metaplasticity studies [5], it is 

important to note that the studies described in Chapter 2 were performed using whole 

homogenate from the BLA, and therefore do not specifically represent inputs from the IL. Other 

Figure 10. Schematic presentation of synaptic scaling after fear conditioning, fear extinction, 

and VNS-enhanced extinction. Based on our results and the Pena et al. metaplasticity studies, we 

propose that fear conditioning promotes a synaptic state in the BLA that favors depression. This could 

be due to lower receptor protein expression. No increase in p-CaMKII and GluN2B suggest that 

NMDA receptor expression has not increased, whereas an increase in Arc protein expression could 

result in increased endocytosis of AMPA receptors. Fear extinction on the other hand promotes 

potentiation that reverses the fear conditioning-associated depression; an increase in p-CaMKII and 

GluN2B could promote synaptic expression of NMDA receptors that represent mechanisms of 

potentiation. VNS-enhanced extinction promotes the same mechanisms as in extinction learning, 

accompanied also by a decrease in Arc-related endocytosis of AMPA receptors, and therefore more 

overall receptor expression that promotes enhanced potentiation in the BLA.   
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projections to the BLA, like thalamic projections, may also influence protein expression in these 

samples. On a larger scale, we propose that VNS-paired extinction increases expression of NE in 

the brain, which in turn can affect plasticity in the circuits that project to the BLA. The Pena et 

al. [5] studies provide evidence that the IL-BLA circuit is affected, but thalamic inputs to BLA 

could also play a role in the VNS induced enhancement of extinction, which in turn sets the stage 

for potentiation of synapses in the BLA (Figure 11).   

Figure 11. Schematic of noradrenergic modulation through vagus nerve stimulation.  The vagus 

nerve projects to the nucleus of solitaty tract (NTS) which in turn projects to the locus coeruleous (LC). 

The LC sends noradrenergic projections throughout the brain, including the thalamus, amygdala, 

prefrontal cortex (PFC), and neocortex. Vagus nerve stimulation might modulate noradrenergic 

expression in the brain that in turn influences memory formation. In the case of fear extinction memory, 

modulation of norepinephrine (NE) in the amygdala, or noradrenergic modulation of the PFC-

Amygdala (green) or Thalamus-Amygdala (blue) pathways are ways in which VNS could influence 

fear extinction memory formation.   
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The Effect of VNS on impaired extinction and social anxiety in an animal model of autism.  

We had previously reported that VNS enhances extinction of fear and affects plasticity in the 

BLA of healthy rats [3, 5, 77]. The set of studies reported in Chapter 3 tested the potential of 

VNS to rescue extinction of fear and affect plasticity in an impaired animal model. To do so we 

used the VPA-induced rat model of autism which shows impaired extinction of fear. Our results 

showed that when paired with extinction training, VNS rescued extinction learning in VPA-

exposed rats. We had previously reported that VNS-paired extinction increases expression of p-

CaMKII and GluN2B in the BLA during the window of extinction-memory consolidation [77]. 

Consistent with our previous study, VNS-paired extinction lead to increased expression of p-

CaMKII and GluN2B in the BLA of both saline-controls and VPA-exposed rats given VNS 

during extinction training, and this study reveals that these proteins are also increased after fear 

extinction recall. In addition, we saw a decrease in expression of the phosphatase calcineurin in 

rats that received VNS during extinction training. We identified increased phosphorylation of 

GluA1 at the S845 site and decreased expression of calcineurin in VPA-exposed rats compared 

to saline-controls. Administration of VNS during extinction training rescued extinction learning, 

but did not reverse abnormal expression of p-GluA1(S845) or calcineurin in VPA-exposed rats.  

The studies presented in Chapter 3 demonstrate that levels of p-CaMKII and GluN2B increase in 

the BLA after retrieval of extinction-memory in rats given VNS during extinction training. 

Expression of both CaMKII and GluN2B-containing NMDA receptors in the BLA have been 

previously linked to extinction learning [41, 77, 98]. Studies show that NMDA receptor 

antagonism during extinction training as well as 24 h after extinction training interferes with 

long-term recall of extinction [99, 100], suggesting that NMDA receptor expression in the brain 
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is important for fear extinction recall. Furthermore, expression of NMDA receptors in the BLA is 

important for the re-learning of extinction [100]. Modulation of these proteins in the brain 

circuitry that underlies extinction of fear likely motivate synaptic plasticity changes important for 

maintaining fear extinction memory. Studies show that LTP-like changes in the mPFC following 

extinction training are good indexes of maintenance of extinction, and long-term maintenance of 

potentiation of neuronal activity is important as the extinction memory matures [101–103]. 

Similarly, our studies show that synaptic protein expression that is present in the BLA during 

consolidation of extinction of fear are also expressed after extinction recall, and might underlie 

mechanisms of re-learning or maintenance of the extinction memory in the BLA.  

We identified a decrease in calcineurin expression in the BLA after fear extinction recall in rats 

given VNS during extinction training. This result contradicts findings that propose that an 

increase in calcineurin activity and expression in the amygdala is crucial for extinction of fear 

[104]. In the case of saline-control rats, saline-sham rats reach successful extinction of fear and 

present the highest expression of calcineurin, which agrees with studies that report calcineurin 

expression in the amygdala as crucial for extinction learning. Conversely, saline-VNS rats show 

successful extinction of fear but decreased levels of calcineurin. Saline-VNS rats, however, also 

show an increase in p-CaMKII compared to saline-sham rats. CaMKII and calcineurin can have 

opposing roles; research from cell cultures show that when active, CaMKII can inhibit 

calcineurin activity [90]. It is possible that the increase in p-CamKII after VNS-enhanced 

extinction leads to a decrease in calcineurin expression. Reduced calcineurin expression in VPA-

exposed rats compared to saline-sham rats might underlie the fear extinction impairment seen in 

the VPA-induced rat model of autism. However, although VNS treatment reversed the 
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impairment in extinction learning, it did not reverse the decrease in calcineurin expression. Like 

in saline-VNS rats, an increase in CaMKII activity in VPA-VNS rats could indirectly decrease 

calcineurin expression.  

VPA-exposed rats showed higher expression of pGluA1(S845) compared to saline-controls. 

Calcineurin is responsible for dephosphorylating GluA1 at S845 [105, 106], and consistent with 

higher levels of pGluA1(S845) we see decreased calcineurin expression in VPA-exposed rats 

compared to saline-controls. Abnormal phosphorylation of GluA1 is likely to underlie some of 

the cognitive deficits seen in VPA-exposed rats, but it is unclear from these studies what its role 

in fear extinction learning might be. Although VNS-paired extinction reversed the fear extinction 

impairment in VPA-exposed rats, it did not reverse abnormal phosphorylation of GluA1. A study 

shows that regulation of the phosphorylation sites of GluA1 is important to the changes in 

efficacy of synaptic transmission that are observed during LTP and LTD [33]. These 

electrophysiology studies associate dephosphorylation of GluA1 at S845 with LTD, whereas an 

increase in phosphorylation of the S845 site was seen after de-depression. These findings suggest 

that abnormal phosphorylation of the S845 site of GluA1 would affect efficient regulation of 

AMPA receptors and therefore synaptic plasticity and memory formation. Higher levels of 

pGluA1 at S845 could represent more AMPA receptors in the naïve state that are not efficiently 

playing roles in synaptic plasticity and therefore affecting learning and memory in the VPA-

induced rat model of autism.  

The VPA-exposed rat model of autism shows impaired social interaction, which is a hallmark 

symptom of ASD [13, 19, 20, 23]. The ability of VNS to influence fear and affect plasticity in 

the BLA, which is important for social behaviors [25], could have beneficial effects for the 
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treatment of social impairments in VPA-exposed rats. Therefore, we tested the potential of VNS-

paired with a sociability test to alleviate social deficits in VPA-exposed rats. We showed that 

VPA-exposed rats given VNS during the sociability test showed preference for the social zone 

over the non-social zone, whereas VPA-exposed rats given sham stimulation did not show a 

preference. Furthermore, VPA-VNS rats showed a sociability index that was similar to that of 

saline-controls. To test for long-lasting effects of VNS treatment, 24 hours after the sociability 

test we performed a second sociability test in the absence of treatment. During the second 

sociability test all groups showed preference for the social zone (Figure 12), and so we were 

unable to identify long lasting effects of the VNS treatment. Saline-controls showed a lower 

sociability index during the second sociability test, which we believe might be due to a decrease 

in novelty of the task. Research shows that housing rats individually increases their motivation to 

interact [19], which suggests that a previous social event can affect motivation during subsequent 

interactions. VPA-Sham rats showed a slight increase in sociability index; we believe that after 

one exposure to the task the loss of novelty resulted in a task that is now less anxiety-provoking 

and therefore VPA-Sham rats are now more likely to spend time in the social zone. VPA-VNS 

rats performed similarly to the day before.  

 Administration of VNS during the social interaction task did have an immediate effect for VPA-

VNS animals (see Chapter 3). We propose that VNS acutely alleviates social deficits through 

anxiolytic effects. Research shows that chronic VNS treatment can be anxiolytic [91], and 

preliminary data from our lab shows that a more acute VNS treatment protocol similar to the one 

used in this study can reduce anxiety-like behavior. It is possible that the acute anxiolytic effects 
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of VNS underlie the improvement in social interaction seen in VPA-exposed rats given VNS 

during the sociability test.  

Figure 12. No difference in sociability during a second sociability test 24 h after VNS-paired 

social interaction. (A) Timeline of behavioral protocol. Rats were habituated to VNS for 3 days, 

followed by a social interaction task paired with VNS or sham stimulation on day 4. On day 5, rats 

underwent a second social interaction task with no treatment. (B) All groups spent more time in the 

social zone than the non-social zone. (C) There was no difference in sociability index across groups.  
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