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ABSTRACT 

 
 
 Supervising Professor:  Mario Romero-Ortega, PhD 
 
 
 
Vagus nerve stimulation (VNS) is an FDA-approved treatment for epilepsy and depression. VNS 

is further being investigated for a number of other maladies, including tinnitus, Crohn’s disease, 

and heart failure. While the mechanism of action is only partially understood, it involves the 

activation of visceral afferent fibers from organs like the heart, lungs, and gut to elicit changes in 

the brain via connections with the nucleus of the solitary tract. While effective, adverse effects 

limit the ability to provide stimulation to the nerve, as stimulation parameters are titrated to 

maximum tolerable levels. Some side effects, particularly dysphonia, the most common side effect, 

are mediated by stimulation of the fibers of the recurrent laryngeal nerve (RLN) branch. Therefore, 

VNS can be made more tolerable and possibly more efficacious if the stimulation of RLN fibers 

could be avoided. 

In this study, we utilize multi-contact electrode cuffs in the vagus nerve of the rat to restrict the 

volume of stimulation in order to avoid the fibers of the RLN. A morphometric analysis was 

performed on semi-thin sections of the main fascicle of the cervical vagus nerve. Clustering 

algorithms are used to determine that at the level of implantation in the rat, large myelinated fibers, 

which likely branch off with the RLN, cluster together in bundles that may be avoided. 



 

vi 

Additionally, small myelinated fibers, which are more likely to be the visceral afferent fibers that 

lend clinical efficacy to the treatment, are found to have their own regions of high density within 

the nerve. The data suggests that spatial targeting for the mitigation of laryngeal side effects might 

be possible by avoiding the stimulation of clusters of large myelinated fibers. Different spatial 

configurations of a multi-contact nerve cuff were used to stimulate the vagus nerve at different 

locations around the periphery of the nerve. Compound action potentials were recorded on a 

proximal site along the vagus nerve, and a distal site along the RLN. Examples of selective 

stimulation are analyzed and presented. Results show that selectivity of vagal activation, defined 

as the ability to stimulate small myelinated fibers in the VN while minimizing RLN activation, is 

possible with a multi-contact electrode cuff. This is further confirmed by looking at the distribution 

of large myelinated fibers relative to the placement of the electrode cuff in the harvested nerves of 

stimulated animals. However, the electrode configuration necessary for optimal selectivity is 

random, as knowledge of the location of fiber clusters in the nerve cannot be determined before 

implantation. 

In summary, the main fascicle of the rat cervical vagus nerve is organized such that large 

myelinated fibers and small myelinated fibers tend to cluster with each other and occupy separate 

regions of space in the nerve cross-section. A multi-contact electrode cuff can be used to 

selectively activate bundles of small myelinated fibers to avoid adverse laryngeal effects. Similar 

designs may be able to be translated into the clinic, where the selection of the ideal electrode 

configuration can be integrated into the already existing titration system for the determination of 

optimal stimulation parameters. 
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CHAPTER 1 

INTRODUCTION 

1.1 Vagus Nerve Stimulation 

Vagus nerve stimulation (VNS) was approved by the United States Food and Drug Administration 

(FDA) for the treatment of intractable epilepsy in 1997 [1] – [5], and for treatment-resistant 

depression in 2002 [1]. Additional possible treatments using VNS include tinnitus [6], post-stroke 

motor recovery [7], Crohn’s disease [8], anxiety disorders [9], heart failure [10], and obesity [11]. 

1.1.1 Implantable Devices for VNS 

The most commonly used VNS system is the NeuroCybernetic Prosthesis (NCP) system, 

manufactured by Cyberonics (Houston, TX) [2], [12] – [16], with helical nerve cuffs either 2 mm 

or 3 mm in diameter and platinum electrodes [12], [13], [15], [16]. These silicone self-sizing 

helical cuffs are designed to avoid nerve compression damage [16]. The cathodal cuff is implanted 

proximal to the anodal cuff [2], [15], [17], to avoid anodal blocking effects. A tether is placed 

distal to the anodal cuff for mechanical stability [16], [17]. A diagram of this cuff design is depicted 

in Figure 1.1. 

An implantable pulse generator (IPG) is surgically placed subcutaneously in the chest [2], [16]. 

The IPG contains an antenna that wirelessly receives stimulation parameters (see section 1.3.2) 

[15], [16]. The patient also receives a magnet that can be wirelessly placed over the site of IPG 

implantation to either induce or prevent stimulation [2], [15], [16]. The use of the magnet to induce  
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Figure 1.1. Diagram of the NCP cuff design produced by Cyberonics, with 3-turn silicone cuffs 
for the proximal cathode, the anode, and the distal cathode. The cathode and anode helices 

contain platinum wire around the center turn, which serves as the electrode contacts. 
 

stimulation is common in epilepsy, where a patient may need to begin stimulation immediately in 

response to aura or other sensations that a seizure is imminent [15], [18]. The use of the magnet to 

stop stimulation is more common in depression (and likely for epilepsy patients who do not 

experience aura before seizures) and is more useful for stopping unwanted side effects due to 

stimulation [2]. One common use of the magnet in this fashion is to prevent breathlessness during 

exercise [19]. The side effects of VNS electrical stimulation are elaborated further in section 1.4. 



 

3 

1.1.2 Limitations of VNS Therapy 

The primary reasons for discontinuation of VNS therapy are due to either lack of perceived 

efficacy or the experience of adverse effects [20], [21]. Discontinuation often occurs at the time of 

battery depletion [20]. It should be noted, however, that some studies report no instances of 

discontinuation when patients are given the choice [5], [22]. 

Side effects such as dysphonia and likely dysphagia are the result of global stimulation of the 

nerve, which includes motor axons to the larynx that provide no known clinical benefit.  These 

could be prevented by better understanding the localization of laryngeal motor fibers in the VN 

and designing cuff electrodes that minimize or avoid their activation. 

1.2 The Vagus Nerve 

The vagus nerve (VN) is the tenth cranial nerve, projecting directly from the brainstem, and exiting 

the skull through the jugular foramen [2], [23]. This nerve is mixed in nature as it, contains both 

autonomic and somatic fibers, most of them unmyelinated. The afferent fibers of the nerve are 

pseudo-unipolar, with cell bodies forming the superior and inferior ganglia of the vagus nerve [23] 

– [25]. Because the superior ganglion exists within the jugular foramen, it is more commonly 

referred to as the jugular ganglion [23]. The inferior is more commonly called the nodose ganglion 

[23]. Efferent fibers have their soma in one of two nuclei in the brainstem: the nucleus ambiguus 

(NA), which contains the soma for special visceral (or branchial) motor neurons and some 

autonomic efferents; or the dorsal motor nucleus (DMN), which contains the soma for autonomic 

efferents [3], [23], [26] – [30]. Both of these nuclei exhibit a level of topographic organization 

[27], [29], [30]. The rostral portion of the NA contains nuclei for the branchial motor neurons, 
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while the external formation contains some parasympathetic efferent soma [29]. The antrum and 

corpus of the stomach, along with the pancreas and liver, are innervated by vagal neurons whose 

soma lie in a medial column of the DMN [30]. The cecum of the large intestine is innervated by 

vagal neurons with soma in a lateral column of the DMN [30]. The fundus of the stomach is 

innervated by vagal neurons with soma between the aforementioned medial and lateral columns 

[30]. More than 80% of DMN neurons innervate the gastrointestinal tract [29]. 

Of the autonomic fibers, both parasympathetic and sympathetic fibers are present within the vagus 

nerve. The parasympathetic fibers present are endogenous to the vagus nerve while sympathetic 

fibers likely originate from the sympathetic chain [31]. VN sympathetic fibers, express tyrosine 

hydroxylase (TH) and join the vagus nerve distal to the jugular foramen [31], [32]. In the human, 

the proportion of TH-positive fibers can range from 0.01 to 22.35% of the total cross-sectional 

area of the cervical VN [32]. 

1.2.1 Fibers of the Vagus Nerve 

The fibers of peripheral nerves are typically classified into three groups: A fibers, B fibers, and C 

fibers. A and B fibers are larger myelinated, and the former can be further divided into Aα, Aβ, 

Aγ, and Aδ groups, depending on their diameter. C fibers, on the other hand, are thin and 

unmyelinated. A table overviewing these fiber classifications is provided in Table 1.1. Many of 

the fibers of the vagus can be categorized in this manner, and in many cases certain functions are 

restricted to a range of fiber diameters. A table of all VN fiber types and their classification is 

given in Table 1.2. 

Efferent fibers within the vagus nerve include special visceral efferent fibers that innervate the 

pharyngeal and laryngeal muscles, along with parasympathetic efferent fibers that provide 
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autonomic modulation of target organs. Afferent fibers that are general somatic and special 

visceral afferents provide sensation to the neck and throat, while general visceral afferents provide 

homeostatic measurements for the integration of the autonomic response. 

Table 1.1. Classification of Nerve Fibers1 

Classification Diameter (µm) Speed (m/s) 

Aα 13-20 80-120 

Aβ 6-12 35-75 

Aγ 2.5-8 20-40 

Aδ 1-5 3-30 

B 1-5 3-15 

C 0.4-2 0.5-2 

 
1.2.1.1 Special Visceral Efferents 

Special visceral efferent (SVE) fibers of the VN innervate the laryngeal muscles, along with 

most of the muscles of the soft palate and pharynx [33]. While these muscles are striated, the 

fibers innervating them are classified as special visceral efferent fibers rather than general 

somatic efferent fibers due to an embryological distinction: they are derived from cells in the 

branchial arches [34] – [36]. Because of this, these fibers are sometimes also referred to as 

brachial motor fibers [3] – [36]. SVEs are found in the pharyngeal, superior laryngeal, and 

recurrent laryngeal branches of the VN. 

 
 
                                                 

1 Information for all fibers except Aγ fibers from reference [29]; note that reference [29] contains a typographical error and gives 
the minimum conductance velocity of Aα fibers as 8 m/s rather than 80 m/s. Information for Aγ fibers from reference [149]. 
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Table 1.2. Fibers of the VN and their Classification 

Fiber type Aα Aβ Aγ Aδ B C 

Special visceral 
efferents 

✔ ✔ ✔    

This is a size range estimate only and may not correspond directly to somatic 
motoneuron classification. See Section 1.2.1.1 

Parasympathetic 
efferents     ✔  

General somatic 
afferents  ✔  ✔ ✔  

Special visceral 
afferents     ✔  

General visceral 
afferents  ✔ ✔ ✔ ✔ ✔ 

The typical classification scheme divides motor neurons into Aα and Aγ motoneurons (often 

referred to alpha and gamma motoneurons, respectively) [37]. Alpha motoneurons innervate the 

extrafusal muscle fibers, while gamma motoneurons innervate the intrafusal muscle fibers [34], 

[37]. Alpha motoneurons innervate three types of motor unit: slow-twitch (I), fast-twitch fatigue-

resistant (IIa), and fast-twitch fatigable (IIb) [37]. Another class of motoneurons, Aβ or beta 

motoneurons, innervate both extra- and intrafusal fibers, but these are not very well characterized 

in the literature [37]. 

This classification scheme is typically applied only to somatic motor neurons [36]. Therefore, it 

may be inappropriate to apply such a classification scheme to SVEs, and such comparisons will 

be avoided in this thesis. This is especially true when faced with the possibility that SVE fibers are 

generally smaller than comparable somatic motor neurons. In the cat, Hursh measured the 
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maximum evoked velocities of fibers in the peroneal nerve at 108-111 m/s, yet only measured a 

maximum of 67-73 m/s in the VN [38]. Also in the cat, Gacek and Lyon saw very few fibers 

between 10 and 15 microns in the RLN, and further noted that the intermediate myelinated fibers 

(those with diameters between 4 and 9 microns) are the predominant component of the motor fiber 

population in the feline RLN [39]. In the human, Hoffman and Kuntz noted very few fibers in the 

vagus nerve greater than 14 microns [40]. In the human superior laryngeal nerve (SLN), Ogura 

and Lam only saw myelinated fibers range up to 15 microns [41]. The fiber diameter histogram of 

the human SLN produced by Mortelliti et al., on the other hand, shows almost no fibers above 10 

microns in diameter [42]. The same limit was observed in the human recurrent laryngeal nerve 

(RLN) by Hayashi et al. [43]. Hayashi et al., however, noted that vocal cord palsy patients had 

significantly decreased populations of myelinated fibers greater than 8 microns in diameter in the 

RLN, which likely corresponds to the minimum caliber of the motor efferent population [43]. 

Therefore, in the human SVEs in the VN range from roughly 8 to 15 microns in diameter. 

1.2.1.2 General Somatic Afferents 

General somatic afferents carry sensations like pain and touch. General somatic afferents are 

common in the laryngeal nerves, where they provide sensation from the pharynx and larynx [3], 

[34]. The RLN has an internal and external branch, which carry sensory afferents and motor 

efferents, respectively. The internal branch provides sensation to the vocal cords and subglottic 

region [44]. General somatic afferents are also present in the auricular branch [45], where they 

provide sensation from the skin of the ear [25]. 

Pain fibers are classically considered Aδ and C fibers, but larger Aβ fibers may also carry 

nociceptive signals [29], [46], [47]. These fibers are typically activated by high-threshold 
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mechano-, thermo-, or chemoreceptors [29], [47]. Myelinated Aδ fibers, because of their faster 

conduction velocity, tend to elicit “sharp” acute pain, whereas unmyelinated C fibers elicit a more 

graded, “dull” pain [47]. This is in agreement with observations made by Ogura and Lam, in which 

high frequency SLN stimulation elicited a duller pain than the sharper pain felt with single 

stimulation pulses [41]. 

1.2.1.3 Special Visceral Afferent Fibers 

Special visceral afferent fibers carry information for taste and smell. There are taste buds near the 

esophagus, around the palate and epiglottis that are innervated by the vagus nerve [23], [28], [29]. 

These predominantly travel through the superior laryngeal branch of the VN [48]. Taste fibers are 

generally smaller myelinated fibers and often classified as Aδ [49]. The range of conduction 

velocities (and thus fiber diameters) can also depend on the exact taste receptor; for example, bitter 

taste buds have a lower conduction speed range than acid taste buds [49]. 

1.2.1.4 Parasympathetic Efferent Fibers 

Parasympathetic efferent fibers of the VN innervate the heart, lungs, and gastrointestinal lining. 

Vagal innervation of the heart differs between the left and the right VN. The right VN innervates 

the sinoatrial node (SA node), the site of the main pacemaker cells of the heart [3]. The left VN 

innervates the atrioventricular node (AV node) [3]. While the cells of the AV node have the ability 

to generate cardiac activity, the frequency of this activity is generally lower than that generated by 

the SA node. Thus, in the healthy heart, parasympathetic efferents through the right VN provide 

more direct control over the heart rate than those in the left VN. Classically, VNS is applied to 

exclusively the left VN to avoid the more dramatic effect right VNS would have on heart rate [16]. 

However, at high enough stimulation amplitudes and pulse widths, bradycardia can be seen with 

left VNS [10]. These are generally classified as small myelinated B fibers [29]. 
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1.2.1.5 General Visceral Afferent Fibers 

General visceral afferent fibers carry afferent information from visceral organs to be conveyed to 

the central nervous system (CNS) and used to maintain homeostasis and mediate reflex responses. 

This includes chemoreceptors from the aortic and carotid bodies and the gut, and 

mechanoreceptors/stretch receptors from the aortic body, lungs, and gut [29]. 

The size of general visceral afferents depends on both the receptor type and species [50]. Some 

pulmonary stretch fibers, for example, can be as large as 11 µm in diameter [50]. The majority of 

cardiopulmonary fibers are myelinated, with the exception of epicardial receptors, which are 

generally unmyelinated [50]. Fibers from the gut are almost entirely unmyelinated [50], in line 

with observations made by Hoffman and Schnitzlein that, in humans, at the level of the esophageal 

plexus only approximately 3% of fibers are myelinated [51]. In the rat, only 0.9% of fibers in the 

abdominal vagus are myelinated [52]. 

1.2.2 Afferent Connections to the Central Nervous System 

Afferent fibers of the VN generally first synapse to either the nucleus of the solitary tract (NTS) 

or the spinal nucleus of the trigeminal nerve [3], [24]. The NTS receives information from the 

general and special visceral afferents including nociceptors, while the spinal nucleus of the 

trigeminal nerve receives information from general somatic afferents [29]. The rostral NTS 

generally receives taste information from the special visceral afferents of not only the VN, but the 

glossopharyngeal and facial nerves as well [29]. The rostral portion of the NTS also receives 

general visceral afferent information [29]. Vagal afferent connections have ipsilateral and 

contralateral projections to each NTS [2], [53]. While unilateral VNS activates cortical structures 

bilaterally, it tends to yield a greater activation of contralateral structures [54], [55]. The NTS also 
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connects directly to the DMN [2], [56], through which it mediates the vago-vagal reflex [27], [29]. 

It also connects to the NA, intermediolateral column of the spinal cord, and the ventrolateral 

medulla [2], [56]. The NTS also connects to a number of limbic and cortical structures, including 

the insular cortex, the infralimbic cortex, the bed nucleus of stria terminalus, the amygdala, and 

the hypothalamus [2], [56]. Some of these connections are direct; others are through other nuclei 

in the brain [2]. One such nucleus is the locus coeruleus (LC) [56], which is believed to be a major 

relay center in VNS’ effect on epilepsy [57]. Others include the parabrachial nucleus and the raphe 

nuclei [2], [15], [56]. Parabrachial nucleus project to the cerebral cortex through the thalamic 

intralaminar and midline nuclei, and to the insular cortex through the ventroposterior thalamic 

complex [15]. 

1.2.3 The Recurrent Laryngeal Nerve 

There are two laryngeal branches from the vagus nerve: the superior laryngeal nerve (SLN), and 

the recurrent laryngeal nerve (RLN). The SLN branches off at the level of the nodose ganglion 

[23]. The RLN branches off from the VN around the level of the heart [58]. The left and right 

RLNs travel different courses to their targets in the larynx. The right RLN recurs underneath the 

subclavian artery before traveling cranial, towards the larynx [25]. The left RLN recurs much 

further distal, underneath the aortic arch, before traveling cranial and innervating the larynx [25]. 

As previously discussed, the vagus nerve carries special visceral efferents that innervate the 

muscles of the larynx. The RLN carries the brunt of this innervation, providing control to four 

intrinsic laryngeal muscles: the thyroarytenoid, the lateral cricoarytenoid, the interarytenoid 

(which has oblique and transverse components [44]), and the posterior cricoarytenoid [35], [59]. 

The fifth intrinsic laryngeal muscle, the cricothyroid, is controlled by special visceral efferent 
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fibers in the SLN [59]. However, some report dual innervation of the cricothyroid between the 

SLN and the RLN [60] and anastomosis between RLN fibers innervating the lateral cricoarytenoid 

and thyroarytenoid [35]. 

1.3 Vagus Nerve Stimulation Mechanisms 

1.3.1 Implantation Location 

As discussed previously in section 1.1.1., typical VNS systems consist of a cathode spiral cuff 

placed proximal to an anode spiral cuff, with a tether placed distal along the nerve for mechanical 

stability. These cuffs are placed in the cervical VN, proximal to the clavicle and distal to the cardiac 

branches [3], [61]. 

The VNS system is almost always placed on the left vagus nerve for ipsilateral stimulation. While 

rare, these stimulators may be implanted on the right VN, as is the case after some lead revision 

surgeries where the risk of reimplantation on the left VN is significant [62]. As discussed in section 

1.2.1.4., the right VN has a more direct control over heart rate than the left VN, because the right 

VN directly innervates the primary pacemaker cells in the SA node. However, because of bilateral 

projections to the NTS, ipsilateral VNS should not greatly affect clinical efficacy with regards to 

conditions like epilepsy and depression. Some have made compelling cases for bilateral or right 

VNS, against longstanding practices [3]. 

1.3.2 Stimulation Parameters 

The parameters used in VNS are pulse amplitude, pulse width, frequency, and duty cycle. The 

ranges of acceptable parameter values are regulated by the FDA. Typically, pulse amplitude and 



 

12 

pulse width are individualized and titrated to the most tolerable levels possible [2]. This occurs 

during a ramp-up period that can take from 2 weeks [14] to 10 weeks [10] to several months [2], 

typically beginning 2 weeks [5], [14] – [16] after surgery. The FDA has capped maximum pulse 

amplitude in the United States at 3.5 mA [63]. This parameter is titrated up to individual tolerance, 

often limited by laryngeal side effects [10], [63]. Pulse widths are typically set at 250 or 500 µsec, 

but can be set as low as 130 µsec if necessary to reduce adverse effects [63], [64]. Like amplitude, 

pulse width is titrated to the maximum tolerated value. Mu et al., using blood-oxygen-level 

dependent functional magnetic resonance imaging (BOLD fMRI) in depressed patients, saw that 

a pulse width of 130 µsec significantly decreased brain activation when compared to pulse widths 

of either 250 or 500 µsec [65]. They also noted that as the pulse width increased, the ability to 

detect sensation also increased [65]. However, they did not observe any statistically significant 

difference in activated brain regions between a 250 and 500 µsec pulse width [65]. 

Frequency is generally set at 20 Hz or 30 Hz [63]. Some have used 30 Hz over 20 Hz in patients 

that tolerated the treatment well, to increase the overall amount of stimulation given to the patient 

[14]. Using BOLD fMRI, Lomarev et al. determined that 20 Hz stimulation significantly increased 

CNS activation over 5 Hz stimulation [55]. 

Duty cycle typically is set such that the stimulus train is on for 30 seconds, and off for 5 minutes 

[63]. The off period reduces acute side effects related directly to stimulation [66]. It may also 

reduce the possibility for axonal degeneration due to continuous stimulation. Agnew et al. saw 

significant axonal degeneration after continuous stimulations at 50 and 100 Hz [67]. Furthermore, 

the extent of axonal degeneration at 50 Hz was lessened by introducing a 50% duty cycle [67]. 

While Agnew et al. saw no axonal degeneration at 20 Hz, one of the frequencies used clinically 
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for VNS, they did not study the effects of continuous stimulation past 16 hours [67]. Thus, the use 

of the duty cycle in clinical VNS serves as a safeguard to prevent any irreversible damage. 

Additionally, the existence of an off period may not affect clinical efficacy to a significant degree, 

as increased NTS activity has been observed during the off periods of VNS [68]. 

1.3.3 Mechanisms of Action 

The majority of exploratory and all FDA-approved VNS treatments rely on the stimulation of 

afferent fibers, using the VN as a conduit through which changes can be elicited in the brain. The 

rest use stimulation of efferent fibers to directly control target organs. The vast majority of research 

has focused on the two FDA-approved treatments: epilepsy and depression, for which the synaptic 

afferent pathway originating from the NTS is of highest importance [69] – [71], rather than those 

originating from the somatic afferents synapsing in the spinal nucleus of the trigeminal nerve. 

1.3.1.1 Etiology of Epilepsy and Depression 

The biochemistry of epilepsy is complex. In general, however, epilepsy is strongly linked with 

dysregulation of glutaminergic and GABAergic (GABA: gamma-aminobutyric acid) systems 

within the brain [72] – [74]. During a seizure, the concentration of glutamate in both hemispheres 

(but predominantly in the focal hemisphere) increases dramatically [75]. It has also been 

demonstrated that increasing synaptic GABA or decreasing synaptic glutamate into the NTS can 

inhibit seizures [69]. However, the serotonergic and noradrenergic systems have also been 

implicated, and genetic epilepsy-prone rats (GEPRs) have significant transmission deficits for both 

of these neurotransmitters [76], [77]. This is supported by the anti-convulsant effects of fluoxetine, 

a selective serotonin reuptake inhibitor (SSRI) when injected into the superior colliculi of GEPRs 

[77]. Activation of 5-HT1A receptors (serotonergic) increases potassium conductance and 
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hyperpolarizes the membrane, preventing over activation of the neuron and thus seizure genesis 

[76]. 

Depression has been explained for decades through the lens of the controversial monoamine 

hypothesis, which posits that clinical depression is caused by lower concentrations of select 

monoamine neurotransmitters such as serotonin, and, more recently, norepinephrine [76], [78]. 

This hypothesis, however, does not explain the fact that while anti-depressant drugs increase 

monoamine levels immediately, clinical effect does not take place until weeks after the beginning 

of treatment [78]. 

Evidence for the efficacy of VNS for depression was born out of observations that epilepsy patients 

with VNS devices expressed improved mood [2], [79]. While superficially the two disorders may 

appear to be unrelated, significant comorbidity between the two is well known [76], [80] – [82]. 

Stress caused by the disabling nature of epilepsy can lead to the development of depression or 

other mood disorders [82], [83]. However, comorbidity between depression and epilepsy is far 

greater than with depression and all other neurological disorders, and many experience mood 

disorder symptoms before the development of epilepsy [76], [81]. Furthermore, incidences of 

depression are statistically more likely in patients with focal epilepsy rather than general epilepsy 

[82]. Depression in epileptics is therefore highly likely to have non-psychosocial origins, a finding 

that is confirmed with the development of depression-like symptoms in animal models of epilepsy 

[76]. 

Somewhat interestingly, many antidepressants lower the seizure threshold and can induce seizures 

as a side effect [83]. This risk is amplified in patients with epilepsy or a family history of epilepsy 

[80]. This is particularly true for members of the older classes of antidepressants, mainly 
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monoamine oxidase inhibitors (MAOIs) and tricyclic antidepressants (TCAs), as well as the more 

modern bupropion, a norepinephrine-dopamine reuptake inhibitor [83]. In contrast, SSRIs and 

serotonin-norepinephrine reuptake inhibitors (SNRIs) are far less seizure-prone at therapeutic 

doses [83]. Large doses of antidepressants tend to increase seizure risk [77], [80], [83], as does a 

recent escalation of dose [84]. However, therapeutic doses may actually have a level of 

anticonvulsant effects [77], [80], [83]. Similarly, an overdose or improper selection of commonly 

prescribed anti-epileptic drugs (AEDs) can worsen seizures [85]. 

1.3.1.2 VNS and Depression 

The mechanism of the effect of VNS on depression is often believed to operate under similar 

pathways as anti-depressants, a claim moderately supported by the fact that those who had failed 

more pharmaceutical treatments were less likely to see success with VNS in the treatment of 

depression [14]. Like many common anti-depressants, VNS increases levels of serotonin and 

norepinephrine in the brain through the activation of neurons in the raphe nuclei (which are 

serotonergic) and the LC (which are noradrenergic) [53], [86], [87]. These two nuclei have 

significant projections to limbic and cortical structures throughout the brain [53], [86]. 

1.3.1.3 VNS and Epilepsy 

VNS is known to desynchronize EEG recordings, and thus the primary mechanism of VNS is to 

prevent the synchronized firing of neurons that causes epileptic seizures [2]. 

The mechanism through which VNS exerts its effect on epilepsy, while unclear, is likely very 

different from the effects exerted by many current medications. AEDs most commonly target ion 

channels directly, particularly sodium channels [72]. Carbamazepine, for example, is a common 

AED whose main effect is to block voltage-gated sodium channels, preventing sustained firing of 

neurons [88]. Unlike pharmaceutical interventions, VNS exerts effects on the brain within 
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anatomical and physiological constraints. Certain burst patterns can cause upregulation and 

downregulation of some voltage-gated ion channels in hippocampal and cortical pyramidal 

neurons [89]. For example, Becker et al. has observed that the transient upregulation of the Cav3.2 

ion channel in hippocampal cells after episodes of status epilepticus may lead to the genesis of 

chronic epilepsy [90]. Whether or not VNS can influence the expression of ion channels in this 

manner has not been explored; however, due to the almost immediate effects of acute VNS, this is 

likely not a primary mode of action. 

However, one of the indirect mechanisms of action of carbamazepine (and some other AEDs) is 

the increase of serotonin [91]. Some have suggested this effect may even be the primary 

mechanism of action for its anticonvulsant properties [91]. As discussed in the previous section, 

similar effects may come from VNS through the activation of serotonergic perikarya in the raphe 

nuclei, which Dailey et al. posit is the pathway through which carbamazepine evokes such 

serotonergic activity [91]. According to this view, VNS may act in a similar manner to 

carbamazepine in the prevention of seizures. Kovacs and Zoll found that acute stimulation of the 

raphe nuclei could stop both pentylenetetrazol-induced and amygdala-kindled seizures in the rat 

[92]. Siegel and Murphy confirm these findings in amygdala-kindled seizures in the cat, claiming 

that this effect was purely serotonergic, adding that fluoxetine (an SSRI) prevented seizures at a 

lower efficacy than raphe nucleus stimulation due to fluoxetine’s inhibitory effect on the firing of 

raphe nuclei neurons [93]. 

Other classes of AED decrease synaptic concentrations of glutamate, a neurotransmitter with 

generally excitatory action, or increase synaptic concentrations of GABA, a neurotransmitter with 

generally inhibitory action [72] – [74]. During a seizure, the concentration of glutamate in both 
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hemispheres (but predominantly in the focal hemisphere) increases dramatically [75]. It has been 

demonstrated that increasing synaptic GABA or decreasing synaptic glutamate into the NTS can 

inhibit seizures [69]. 

1.3.1.4. Which Fibers Lead to Clinical Benefit? 

The clinical benefit seen in VNS is due to the stimulation of fibers that synapse to the NTS. These 

are generally restricted to general visceral afferents and special visceral afferents, as general 

somatic afferents typically first synapse to the trigeminal nucleus [29]. Because special visceral 

afferent fibers generally branch off with the SLN [48], then the only afferent fibers that synapse to 

the NTS at the level of implantation are the general visceral afferent fibers, which can range from 

large myelinated fibers to small unmyelinated fibers (Table 1.2). 

In electrical nerve stimulation, the largest diameter fibers are activated first, and as the injected 

charge increases (either through increases in stimulus amplitude or pulse width), smaller and 

smaller diameter fibers are recruited [94]. Thus, Aα fibers are said to have a low threshold of 

activation, while unmyelinated C fibers have a very high threshold of activation. For years, the 

efficacy of VNS was believed to be due to stimulation of C fibers [95]. However, ablation of C 

fibers in the rat did not affect the ability for VNS to exert seizure control [96]. Additionally, 

evidence suggests C fibers are not activated clinically [17], [19]. Therefore, myelinated fibers most 

likely mediate the clinical benefit of VNS. Castoro et al. saw that the recruitment of larger 

myelinated fibers in the right VN of the dog correlated well with the recruitment of motor units in 

the larynx [97]. Small myelinated fibers (Aδ/B fibers) did not show such a strong correlation. It is 

possible that unmyelinated C fibers and larger myelinated A fibers can convey some clinical 
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benefit in VNS. However, given the evidence, benefit is most likely predominated by the activation 

of small myelinated afferents around the Aδ/B fiber diameter range. 

1.3.4 Treatment Efficacy 

Information on treatment efficacy is limited to epilepsy and depression. Responders to the therapy 

are typically classified as those with at least a 50% reduction in symptoms of the disorder. For 

epilepsy, response is defined as at least a 50% reduction in the incidence of seizures [5], [20], [21], 

[98]. For depression, this is typically at least a 50% reduction in symptoms as measured by 

tabulations like the Hamilton Depression Rating Scale score [14]. For anxiety, a 50% reduction in 

the Hamilton Anxiety Scale score and at least a 1 or 2 on the Clinical Global Impressions 

Improvement Scale are often defined as response [9]. However, some non-responders report 

benefit from the therapy based on improvements in quality-of-life measures [99]. 

In epilepsy, Morris and Mueller report a maximum responder rate of 43%, which occurred at the 

three year mark [21]. Benifla et al. report in pediatric epilepsy that 17 of 40 patients (42.5%) 

obtained a seizure reduction of over 50% [61]. Interestingly, 15 of their 40 patients (37.5%) 

obtained a seizure reduction of over 90% [61]. In epilepsy, Labar observed that 56.9% of patients 

had a reduction in seizures by over 50% one year after the start of treatment [100]. They also saw 

6.3% of patients were seizure-free after one year of treatment [100]. In drug-resistant depression, 

Rush et al. saw 12 of 30 patients (40%) classified as responders [101]. They also saw 3 of 30 

patients (10%) suffer a worsening of depression based on the 28-question Hamilton Depression 

Rating Scale [101].  

Treatment efficacy often improves over time. In the E01 through E05 trials, Morris and Mueller 

report that efficacy increases within the first 2 years of treatment, plateauing at the third year [21]. 
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Labar saw that when AEDs remained the same, VNS efficacy increases between a 3-month and 

12-month period [100]. They also observed continued increases in efficacy in a smaller cohort of 

patients with both unchanged stimulation parameters and AED dosage [100]. Sackeim et al. saw 

that responders in VNS for depression on average continued to improve throughout a 5-week fixed 

dose period [14].  

1.4 The Adverse Effects of VNS 

The adverse effects of VNS most commonly experienced are voice alterations/dysphonia, cough, 

dyspnea/“air hunger”, pain, paresthesia, and dysphagia. Dysphagia in particular carries a higher 

risk factor for pediatric patients, especially those with pre-existing mental deficiencies [66]. Table 

1.3 gives a brief overview of the rates of experienced adverse effects for a wide array of conditions. 

Adverse effects can be mitigated by changing stimulus parameters to lower the amount of 

stimulation. They also often resolve over time [14], [20], [102]. The mechanism behind this is 

poorly investigated. The growth of encapsulation tissue between the electrode and nerve [103] 

increases the impedance between the contact sites and neurons, decreasing the effect of 

stimulation. However, this occurs within a matter of weeks, whereas decreases in side effects have 

been seen between the 2- and 3-year post-implantation marks, long after the fibrotic capsule would 

have fully formed [21]. Therefore, resolution of side effects over time is likely not due to a decrease 

in end-point stimulation at the nerve caused by the growth of encapsulation tissue between the 

electrodes and nerve. 
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Table 1.3. Adverse effect rates in pre-clinical or clinical studies on VNS 
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1.4.1 Voice Alterations 

Voice alterations, such as hoarseness, are the most commonly experienced adverse effect of VNS. 

Voice alterations often mitigate or resolve over time. Sackeim et al. saw 36.4% of voice alteration 

cases resolve, with a mean resolution time of 54.2 ± 19.9 days [14]. 

Phonation is generally under control of the posterior cricoarytenoid, thyroarytenoid, and 

cricothyroid muscles [59]. As discussed previously, the first two muscles in this list are innervated 

entirely by the RLN, while the cricothyroid is generally said to be controlled by the external branch 

of the SLN, although some claim cases of dual innervation with the RLN. Nonetheless, at the level 

of implantation only the RLN fibers are stimulated. Because all lower motor neurons in the VN 

are excitatory, stimulation causes contraction of all innervated motor units [27]. Voice alterations 

therefore most likely come from contractions of the posterior cricoarytenoid and thyroarytenoid 

muscles due to inadvertent stimulation of RLN special visceral efferent fibers present in the 

cervical VN. Because of their large diameter, special visceral efferent fibers have a low activation 

threshold. 

1.4.2 Cough 

While laryngeal muscles are involved in the effector end of the cough reflex [59], the cough motor 

pattern requires activation of muscles not innervated by the VN, such as the diaphragm [105]. 

Additionally, the motor pattern of the cough reflex is highly coordinated, while whole-nerve 

stimulation would cause contraction of all innervated muscles [105]. Therefore, coughing as an 

adverse effect of VNS is due to the stimulation of afferent fibers that elicits a coughing reflex. The 
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cough reflex can be initiated by receptors in either the lungs or in the superior portion of the 

gastrointestinal tract, particularly the larynx [105], [106]. 

Pulmonary vagal neurons involved in the cough reflex include rapidly adapting receptors (RARs), 

slowly adapting receptors (SARs), and polymodal C fibers (historically called type J receptors 

[107]) that respond to both chemical and mechanical stimuli [106]. RARs and SARs, based on 

Table 1.1 would be classified as Aδ fibers, albeit on the larger end of the spectrum [106]. However, 

available evidence suggests that a level of coactivation between RARs and pulmonary vagal C 

fibers is necessary to elicit a cough reflex [108]. Furthermore, extrapulmonary RARs have only 

been implicated in evoking the cough reflex, as opposed to intrapulmonary RARs [106]. As 

discussed briefly in section 1.2.1, C fibers are likely not activated under current VNS paradigms. 

Therefore, the possibility that the stimulation of pulmonary afferents leads to the high incidence 

of cough in VNS is low. 

The upper gastrointestinal tract contains fibers known as cough receptors, which are small 

myelinated fibers on the lower end of the Aδ spectrum [106], [108]. Because of their location, 

these receptors must be fibers within either the SLN or RLN. In the guinea pig, when the SLN is 

severed, cough evocation is generally preserved after either mechanical or electrical stimulation to 

the trachea or larynx [108]. When the RLN is severed, the reflex is almost entirely abolished [108]. 

Together, this all suggests that cough as an adverse effect of VNS is due to the stimulation of small 

myelinated Aδ fibers from the RLN. 
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1.4.3 Dyspnea 

Experiences of dyspnea are common in VNS patients, and are often exacerbated during exercise 

[14], [19]. They can resolve over time. Sackeim et al. saw that 44.4% of dyspnea cases resolved 

themselves [14]. 

Vagal pulmonary C fibers/type J receptors (discussed in the previous section) can elicit dyspnea  

[50], [109]. However, as discussed in section 1.3.1.4, C fibers are likely not stimulated under 

current clinical paradigms. Furthermore, in rat VNS experiments, a far smaller amount of charge 

is necessary to evoke a drop in respiratory rate than it is to evoke bradycardia [110]. Therefore, 

the fibers most likely to lead to changes in breathing are likely much larger in diameter than the 

efferent B fibers leading to the heart. Stimulation of pulmonary stretch afferents, which are 

generally larger and myelinated, often lead to reflex efferent responses in which inspiratory muscle 

activation is reduced while expiratory muscle activation is increased [50].  

1.4.4 Pain 

Aside from pain at the incision sites, neck/throat pain is a commonly experienced adverse effect 

related directly to the stimulation pulses of VNS [64]. The exact source of pain in VNS is not well 

understood. Pain can be caused by direct stimulation of nociceptive afferent fibers, particularly 

those general somatic afferents from the laryngeal muscles. These are classically believed to be 

Aδ and C fibers [34], but can also include larger Aβ fibers [46]. 

Neck and throat pain often resolves over time. Sackeim et al. observed that 70% of neck pain cases 

resolved typically within 1 to 2 weeks [14]. At least one case resolved the very day of first 

stimulation [14]. This may be due to desensitization of nociceptive fibers in the VN. 
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Headache is also a commonly experienced side effect of VNS. Somewhat ironically, VNS is also 

being explored as a possible treatment for certain types of headache [111], [112]. The mechanisms 

behind this are poorly investigated. Headache can be caused by sensitization of the spinal 

trigeminal nucleus, leading to a lower pain threshold and sensations of pain in the cranial areas 

innervated by the trigeminal nerve [113] – [115]. Therefore, it is possible that headache in VNS 

may be caused by activation of the general somatic afferent fibers that synapse to the spinal nucleus 

of the trigeminal nerve. 

1.4.5 Paresthesia 

Paresthesia at the incision site is common [116]. It often occurs during stimulation, and becomes 

perceptible at increased levels [54]. Paresthesia is most likely non-vagal, caused by the perception 

of stimulation by surrounding tissues. This is backed up by the fact that increased paresthesia is 

one of the side effects of lead failure, along with pain and shock-like sensations [4]. As with many 

adverse effects, paresthesia can dissipate over time. Sackeim et al. saw that 75% of paresthesia 

incidents resolved over time [14]. 

1.4.6 Dysphagia 

Dysphagia can lead to aspiration of food particles or liquids, which can lead to the development 

of aspiration pneumonia. Aspiration pneumonias are sometimes reported in pediatric VNS [102], 

[104]. However, while both dysphagia and aspiration pneumonia are commonly cited in the 

pediatric VNS literature, there is not always a definitive link between them. Penetration of a food 

or liquid bolus into the pharyngeal or laryngeal space does not mean aspiration will occur [117]. 

Smyth et al. reported one death due to aspiration pneumonia; however, this developed during a 
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seizure event and is therefore unlikely to be related to VNS [104]. Murphy and the Pediatric VNS 

Study Group also reported one death due to aspiration pneumonia, but determined that it was not 

due to VNS [102]. Lundgren et al. report an increased tendency in aspiration in children, as 

reported by their parents and caregivers [66]. However, videofluoroscopic barium swallow tests 

only saw a significant increase in aspiration when the stimulation was almost continuously given 

[66]. While dysphagia generally does not necessarily lead to aspiration in pediatric VNS, the 

potentially fatal complications of aspiration pneumonia mean dysphagia carries a high risk factor. 

Regardless of its lethality, dysphagia itself decreases quality of life in patients and can cause undue 

stress to parents and guardians [117], [118]. 

While dysphagia as an adverse effect of VNS is more commonly reported in children, it has been 

reported in adults as well [14]. In VNS for depression, Sackeim et al. reports dysphagia rates in 

adults at 13%; however, 87.5% of cases resolved over time [14]. In a trial for post-stroke motor 

recovery, Dawson et al. saw two participants develop dysphagia: one with concomitant vocal cord 

and phrenic nerve palsy, and one with a mild case that only occurred at night after therapy [7]. 
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CHAPTER 2 

MORPHOMETRICS AND CLUSTERING OF MYELINATED FIBER POPULATIONS 

IN THE MAIN FASCICLE OF THE VAGUS NERVE OF THE RAT 

2.1 Introduction 

Myelinated axons within peripheral nerves are generally not distributed in any spatially 

homogenous manner, and the local densities of myelinated axon populations tend to show 

significant heterogeneity throughout the nerve [119]. In some nerves, the internal organization of 

fascicles has been well established. In the superior laryngeal nerve, the anterior and posterior 

fascicles which eventually branch out to innervate separate portions of the throat [120]. In the cat 

sciatic nerve four discrete fascicles have been described that correspond with distal branches [121]. 

It was this internal organization that allowed Sweeney et al. to selectively stimulate different 

fascicles in the sciatic nerve through current steering and spatial targeting [121].  

Similar internal organization of axon types has been previously noted in the main fascicle of the 

cervical VN. In the cat, Ranson et al. identified a discrete “motor” (efferent) fascicle at a level 

caudal to the nodose ganglion [122]. Evans and Murray saw similar bundling in the rabbit [123]. 

Chase and Ranson noted a discrete bundling of large, myelinated axons within the cervical VN of 

the dog [124]. In both non-diabetic and pre-diabetic rats, Jamali and Mohseni divided the VN just 

proximal to RLN branch off into three zones, wherein one zone (that would become the RLN) was 

almost entirely large myelinated axons [125]. Also in the rat, Stathakis et al. identified bundles of 

RLN axons from the level of the nodose ganglion distal to the point of RLN branch-off [126]. 

They saw a more diffuse distribution of RLN axons at the level of the nodose ganglion, although 

noted that the RLN axons still tended to group together in several bundles [126]. These bundles, 
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however, coalesced into a single one towards the branch-off point [126]. Within the RLN branch 

of the rat, Lima et al. saw a clear discrete bundling of large and small myelinated axons towards 

the branch-off point from the vagus, indicating that as the vagus nerve approaches the branching 

point the motor region of the RLN becomes more and more coalesced [127]. 

The work presented in this thesis first analyzes the morphometric data of myelinated axons in the 

left VN of the rat. Morphometric data is used to divide all identified axons into two separate 

groups: large myelinated axons and small myelinated axons. Then, established clustering 

algorithms are used to identify clusters of both large myelinated and small myelinated axons in the 

cervical VN of the rat, at the level of implantation. Density-based spatial clustering of applications 

with noise (DBSCAN) was used to identify high-density regions of large and small myelinated 

fibers. In addition, a k-means clustering algorithm was used to generate a regionalized map of 

neuronal density for these two axon populations. 

2.2 Methods 

2.2.1 Nerve Harvesting and Image Processing 

The left cervical VN of 5 male Sprague-Dawley rats was harvested and epoxy-embedded. Thin 

cross sections were obtained at 1 µm and imaged with differential interference contrast (DIC) 

microscopy or bright-field light microscopy. To measure the diameter of each axon, a binary mask 

was generated such that axons and myelin were set to 1 while the rest of the image was assigned 

a value of 0. A full example is shown in Figure 2.1B. 

All images were increased in size to a matching scale of approximately 10.35 pixels/μm. For two 

images, binary masks were drawn manually in Adobe Fireworks (Adobe, San Jose, CA). The other 
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three images had a higher sample and image quality, and a number of pre-processing steps could 

be performed to generate a binary mask. First, in ImageJ (NIH, Bethesda, MD) a contrast-limited 

adaptive histogram equalization (CLAHE) was performed to enhance the contrast of the myelin 

perimeter (adapted from the work of Delgado-Martinez et al. [128]). Subsequently, global contrast 

was increased using the curves tool in Adobe Fireworks. Thereafter, the image was saved as a 

black-and-white binary bitmap image, and the epineurium was erased manually. Holes were filled 

using the Fill Holes tool in ImageJ. Small objects in the image (predominantly noise) were 

removed with a custom script in MATLAB. The final image then underwent a final manual 

revision to separate axons when recognized as one object, and to identify axons too faint for the 

pre-processing to identify fully. An example of the pre-processing results is provided in Figure 

2.1D, and the same section after manual retouching is provided in Figure 2.1E. Because manual 

input is required for the final step, the binary masks created completely manually and those created 

with the semi-automatic pre-processing steps outlined above should not differ in quality; however, 

image pre-processing in this manner greatly increases the rate at which results are obtained. 

After the final binary masks were generated, a custom script in MATLAB was used to calculate 

the area and geometric centroid of each object. Diameter was extrapolated from area, assuming a 

circular axon. Large myelinated fibers were selected as those with a diameter greater than 5 µm, 

while small myelinated fibers were those with a diameter less than or equal to 5 µm, which 

corresponds with the cutoff diameter between Aδ/B fibers and Aα, Aβ, and Aγ fibers (see Table 

1.1). 
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2.2.2 DBSCAN 

DBSCAN was performed on the axon centroid coordinates using the dbscan package (version 1.1-

1) in R (version 3.4.3). Clustering was performed separately for large myelinated axons and small 

myelinated axons for each of the nerve samples. The parameter MinPts was set at 10. The distance 

to the 9th nearest neighbor of all points was calculated using MATLAB. The median 9th nearest 

neighbor distance of all points in the dataset was selected as the parameter ε. Border points, defined 

within the package, were not included. With these parameters, the algorithm identified areas with 

axon densities equal or larger than 50%. To calculate the areas of the clusters, the concave 

boundary of the cluster was generated using the boundary function in MATLAB (an 

implementation of an alpha shapes algorithm). The overlap between large and small myelinated 

axons was calculated by taking the intersection of the boundaries of all clusters. Clusters with less 

than 3 points were not used for overlap analysis because they cannot produce a measureable area 

between centroids. 

2.2.3 K-means 

The centroid coordinates of large and small myelinated axons were separately clustered using a k-

means algorithm, with 100 replicates performed and using values of k from 3 to 10. The ideal value 

of k was selected using the Calinski-Harabasz index. A Voronoi diagram was then created using 

the cluster centroids generated with the k-means algorithm. The Voronoi diagram was fitted to an 

outline of its corresponding nerve cross-section created in Adobe Illustrator (Adobe, San Jose, 

CA). An overlay of blood vessels and large gaps in the nerve caused by post-fixation splitting was 

created in Adobe Fireworks (Adobe, San Jose, CA) with the “magic wand” tool. Both the outline 
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and overlay were used to fit the Voronoi diagram to the effective cross-sectional area of the nerve. 

The fitted Voronoi cell area was used to calculate regionalized density, defined as the number of 

axons divided by area, of either large or small myelinated fibers within that cluster. 

Because the gap-and-blood-vessel overlay was created from a raster image, cell area was 

calculated from a digitized approximation. Individual cell areas were calculated by counting the 

total number of pixels in each cell when the cell was converted to a binary mask. Because the 

process used to convert the image to a binary mask can cause overlap between two adjacent cells, 

any overlapping pixels were divided evenly between the two cells. 

2.3 Results 

The VN samples generally consisted of at least a single large fascicle, and occasionally one or two 

small fascicles. Only the main fascicle was used for analysis. 

Binary masks from each image were successfully generated. An example of a full binary mask is 

provided in Figure 2.1B. In images with higher quality, pre-processing steps were moderately 

successful at identifying axons, particularly those that were not close to other axons. An example 

of the pre-processing results is provided in Figure 2.1D. In denser clusters of axons, manual control 

was required to separate axons. Furthermore, some portions of axons were not identified properly 

by the pre-processing steps, requiring a human operator to manually draw in the rest of the 

periphery. In a few cases, lighter-colored axons were not identified at all. In some cases, the human 

operator had to manually remove Schwann cells that were dark enough to be labeled with the axons 

and myelin. 
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Figure 2.1. Results of the pre-processing steps used to create the binary mask. A) Raw image of 
the left VN from nerve 18421. B) Final binary mask generated from 2.1A. C) Zoomed in section 
from 2.1A. D) Binary mark generated from the pre-processing steps from 2.1C. E) Final binary 

mask generated after human post-processing from the section in 2.1D. 
 

The fascicular cross-sectional areas (excluding blood vessels and major gaps), the number of total 

myelinated fibers, the number of large myelinated fibers, and the number of small myelinated 

fibers are given in Table 2.1. The mean fascicular cross-sectional area was measured to be 54912 

± 10748 µm2. Across all 5 nerves, 9979 total myelinated fibers were identified. The mean number 

of myelinated fibers identified in the VN was 1996 ± 312, with an average of 317 ± 45 large 
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myelinated fibers identified and an average of 1679 ± 282 small myelinated fibers identified. A 

fiber diameter histogram, collected from all measured fibers from every nerve, is shown below in 

Figure 2.2. Histogram bins are presented in terms of percent of total number of fibers (total number 

of fibers = 9979) and are calculated from 0 to 15 μm with a step size of 0.1 μm. Figure 2.2. shows 

a clear bimodal distribution, with one peak from approximately 2.2 and 2.9 µm and another peak 

ranging from approximately 6.6 to 7.4 µm. A noticeable dip in the axon diameter population was 

apparent around 5 μm, the designated cutoff point between large and small myelinated axons. A 

far greater proportion of small myelinated fibers are present than large myelinated fibers; in total, 

small myelinated fibers make up 84% of all myelinated fibers identified. Diameters ranged from 

0.7 µm to 14.7 µm. 

Table 2.1. Observed nerve and axon counts and dimensions 

Nerve 
Fascicular 

cross-sectional 
area (μm2) 

Number of all 
myelinated 

fibers 

Number of 
large 

myelinated 
fibers 

Number of 
small 

myelinated 
fibers 

1_2 65735 2298 327 1971 

1_4 36826 1519 238 1281 

3_1 57659 1955 349 1606 

3_3 56968 1949 343 1606 

18421 57372 2258 327 1931 

Mean 54912 ± 10748 1996 ± 313 317 ± 45 1679 ± 282 
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Figure 2.2. Fiber diameter histogram for all identified myelinated fibers. 

The binary masks were able to outline roughly all axons present in each image, with the exception 

of occasional axons obscured by staining artifacts. In some cases, artifact was only present over a 

small portion of the axon, and the boundary of the axon could be extrapolated. The centroids of 

each axon identified are plotted in Figures 2.3A, 2.4A, 2.4D, 2.5A, and 2.5D for nerves 18421, 

1_2, 1_4, 3_1, and 3_3, respectively. Large myelinated axons are plotted as a red ‘x’ while small 

myelinated axons are plotted as a blue circle.  
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Figure 2.3. DBSCAN results from nerve 18421. A) All large myelinated axons (red ‘x’) and 
small myelinated axons (blue circle) identified from the binary mask. B) All clustered large 

myelinated axons (red ‘x’) and small myelinated axons (blue circle) after DBSCAN clustering. 
C) Identified boundaries of the large myelinated axons (red, dashed line) and small myelinated 

fibers (blue, solid line). D) Overlap of the bounded areas in 2.3C (solid purple areas). 
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Subjective analysis of the raw images showed clear areas of axon bundling. An example is shown 

in Figure 2.1A: notable bundling of large myelinated fibers is clear towards the upper part of the 

image. Similar bundling was also seen with small myelinated axons. While small myelinated 

bundles tended to occupy separate spaces from large myelinated bundles, there were occasionally 

areas of clear overlap.  

 

Figure 2.4. DBSCAN results from nerves 1_2 (A, B, and C) and 1_4 (D, E, and F). A and D) 
All large myelinated axons (red ‘x’) and all small myelinated axons (blue circle) identified with 
the binary mask. B and E) All large myelinated axons (red ‘x’) and all small myelinated axons 

(blue circle) clustered using DBSCAN. C and F) The boundaries of the DBSCAN-clustered 
large myelinated axons (red, dashed line) and small myelinated axons (blue, solid line) and the 

identified overlap (solid purple area). 
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Figure 2.5. DBSCAN results from nerves 3_1 (A, B, and C) and 3_3 (D, E, and F). A and D) 
All large myelinated axons (red ‘x’) and all small myelinated axons (blue circle) identified with 
the binary mask. B and E) All large myelinated axons (red ‘x’) and all small myelinated axons 

(blue circle) clustered using DBSCAN. C and F) The boundaries of the DBSCAN-clustered 
large myelinated axons (red, dashed line) and small myelinated axons (blue, solid line) and the 

identified overlap (solid purple area). 
 

In order to quantify areas of overlap, a DBSCAN algorithm was used to identify a measure of the 

densest 50% of all axons within each axon population (large and small). Subsequently, an alpha 



 

37 

shape boundary implementation was applied to each cluster, and the total areas were quantified. 

Regions of overlap were also identified, and the overlap area was measured. 

The results of the DBSCAN clustering are presented in Figures 2.3B, 2.4B, 2.4E, 2.5B, and 2.5E 

for nerves 18421, 1_2, 1_4, 3_1, and 3_3, respectively. Because the use of DBSCAN in this 

application is only as a means of identifying the densest populations of axons, cluster identity was 

deemed unimportant, and all large myelinated axons are displayed as a red ‘x’ while all small 

myelinated axons are displayed as blue circles. At this level, clear separation of large and small 

myelinated axon populations is present, along with some regions of overlap. 

After clustering, the boundaries of each cluster, using the geometric centroids of the axons as 

vertices, was calculated. The boundaries are presented in Figures 2.3C, 2.4C, 2.4F, 2.5C, and 2.5F 

for nerves 18421, 1_2, 1_4, 3_1, and 3_3, respectively, with a dashed red line for large myelinated 

axons and a solid blue line for small myelinated axons. Regions of overlap are plotted as purple 

areas in Figures 2.3D, 2.4C, 2.4F, 2.5C, and 2.5F for nerves 18421, 1_2, 1_4, 3_1, and 3_3, 

respectively. 

The clustered area occupied by large myelinated axons was 23.7 ± 6.1% of the total area of the 

fascicle, while that of small myelinated axons was 25.9 ± 4.8% of the total area of the fascicle. 

These two values were not deemed significantly different from one another (Student’s t-test, 

p=.5419). The area of overlap was 6.9 ± 3.0% of the sum area of the clustered boundaries, and 3.2 

± 1.6% of the total area of the fascicle. Thus, bundles of large and small myelinated axons tend to 

occupy their own separate spaces with minimal overlap. However, in a few cases, there was 

noticeable overlap between individual clusters, and in some cases at least one (typically small) 

cluster was completely engulfed by another. One such example is visible in Figure 2.5F. 
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Regional density maps of each nerve were created as a means to quantify further the local densities 

of axons in each nerve. A k-means clustering algorithm was used to divide each nerve up into 

regions depending on the individualized distribution of axons throughout the nerve. Then, the 

centroids from each cluster were used to produce a Voronoi tessellate (Figure 2.6B, solid blue 

line), whose cells were fitted to the outline of the fascicle (Figure 2.6B, dashed red line). The area 

of each fitted cell was calculated, excluding portions of the nerve that contained significant fixation 

gaps or blood vessels (Figure 2.6C). The final regional density maps are presented as heatmaps, 

ranging from blue (low density) to red (high density). An example of a regional density maps for 

the large myelinated fibers of nerve 1_2 is present in Figure 2.6D. Regional density maps for the 

large myelinated axons of nerves 1_4, 3_1, 3_3, and 18421 are given in Figures 2.7A, 2.7B, 2.7C, 

and 2.7D, respectively. Regional density maps for the small myelinated axons of nerves 1_2, 1_4, 

3_1, 3_3, and 18421 are given in Figures 2.8E, 2.8A, 2.8B, 2.8C, and 2.8D, respectively. 

Voronoi cells ranged in density from 2599 to 9013 axons/mm2 for large myelinated axons, and 

from 11959 to 49724 axons/mm2 for small myelinated axons. The average density for the large 

myelinated axons across the entire nerve was 5842 ± 556 axons/mm2, while for small myelinated 

axons across the entire nerve the average density was 30894 ± 3169 axons/mm2. The average 

density of all myelinated fibers across the entire nerve was 36737 ± 3345 axons/mm2. 
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Figure 2.6. Regional density map process and results. A) Raw image of left VN (nerve 1_2). B) 
The outline of the nerve (red line, dashed), drawn manually using a vector imaging program and 

the final Voronoi tessellate created using the centroids from k-means clustering on the large 
myelinated axons. C) Raster mask of the fixation gaps and blood vessels made from the image in 
2.6A. Black areas will be excluded from area calculation. D) Regional density map of nerve 1_2, 
calculated as the sum of all axons within each Voronoi cell and plotted as a heatmap with scale 
bar below image. Area was calculated as the total area of the cell minus the portion outside the 

nerve (beyond the red dashed line in 2.6B) and excluding fixation gaps and blood vessels 
identified in 2.6C. The scale bar in 2.6A is applicable to all subfigures. 
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Figure 2.7. Regional density maps for large myelinated axons. A) Density map for nerve 1_4. B) 
Density map for nerve 3_1. C) Density map for nerve 3_3. D) Density map for nerve 18421. 

Scale bar for all subfigures is at the bottom of the figure. 
 

Regional density maps show that all nerves individually have a wide range of local axon density 

for both populations. Because of the individualized nature of the analysis, Voronoi cells for large 

and small myelinated axons for the same nerve do not share the same boundaries, and thus an exact 

comparison between the two cannot be made. However, in general, the bounds of high density 

cells in one population often correlated with the bounds of low density cells in the other population, 

and vice versa. Therefore, the rat VN has regions of high and low density of large and small 

myelinated axons that roughly occupy different spaces in the nerve. 
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Figure 2.8. Regional density maps for small myelinated axons. A) Density map for nerve 1_4. 
B) Density map for nerve 3_1. C) Density map for nerve 3_3. D) Density map for nerve 18421. 
E) Density map for nerve 1_2. Scale bar for all subfigures is at the bottom-right of the figure. 

2.4 Discussion 

Other investigators have characterized the rat VN as monofascicular [129], [130]. We have 

occasionally identified smaller fascicles of the rat VN along with a large, main fascicle. Because 

of the existence of a single, main fascicle was consistent in every animal, only the main fascicle 

was used for morphometry as that was the first step towards identifying bundles of axons in the 

fascicle. 
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The number of myelinated fibers counted in this work does not substantially differ from the 

observations made by Jamali and Mohseni in the control group of female BB/Wor rats (nor does 

it greatly differ from their groups of hyper- and hypoglycemic rats) [125]. While those 

observations were made in a different strain and a different sex than those reported in this chapter, 

others have reported much different counts of myelinated fibers. In male, spontaneously 

hypertensive Wistar-Kyoto rats, Licursi de Alcantara et al. saw 1009 ± 39 myelinated axons in the 

proximal portion of the left VN and 930 ± 164 in the distal portion, a much lower number than the 

counts reported here and by Jamali and Mohseni [129]. On the other hand, in male Wistar rats, 

Soltanpour and Santer report myelinated fiber counts in the left VN between 7499 ± 1331 (aged 4 

months) and 8160 ± 1703 (aged 24 months) [130]. 

Furthermore, both the total area of the fascicle and the myelinated fiber density appear to differ 

between investigators as well. Licursi de Alcantara reports an average area of 61978 ± 2150 μm2 

and myelinated fiber density of 26234 ± 1244 axons/mm2 in the left VN of male, spontaneously 

hypertensive Wistar-Kyoto rats [129]. In male, Wistar rats (4 months old), Soltanpour and Santer 

report an average nerve area of 107043 ± 21527 μm2 and an average myelinated fiber density of 

41714 ± 11086 axons/mm2 in the left VN [130]. Here, we report an average fascicular area of 

54912 ± 10748 μm2, albeit with regions of significant fixation gap and blood vessels removed from 

consideration. We also report an average myelinated fiber density of 36737 ± 3345 axons/mm2 

across the entire nerve. Our results with regards to area are far more in line with those produced 

by Licursi de Alcantara et al., while our average area was almost half that of those reported by 

Soltanpour and Santer. Interestingly, our myelinated fiber density measurements were more in 
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agreement with Soltanpour and Santer, both in terms of the absolute mean value and in terms of 

the larger standard deviations. 

The decision to divide between large and small myelinated axons at the cutoff diameter of 5 μm 

was based on the cutoff diameter between Aδ/B fibers and Aγ fibers. The method of classification 

used here in which all myelinated axons are divided into “large” or “small” populations is not new. 

Others have divided myelinated fibers in the VN into populations along a similar division used 

here, albeit with different terminology [97], [131]. As Figure 2.2 shows, this division also separates 

the large and small diameter fiber peaks present in the nerve. As discussed in previous portions of 

this work, large myelinated fibers in the cervical vagus tend to be motoneurons that control the 

intrinsic laryngeal muscles. These may also include fibers that lead to non-motor adverse effects, 

such as large myelinated pulmonary stretch afferents. Small myelinated fibers, on the other hand, 

are more likely to lend themselves to clinical benefit, as these are the fibers that synapse to the 

NTS. Bundling of large myelinated fibers represents regions in which stimulation can be avoided 

to reduce adverse laryngeal effects. Conversely, small myelinated fiber bundles can be targets for 

preferential stimulation.  

Many previous investigators have tracked the course of different fiber populations through the 

vagus nerve and noted that there is often bundling. This is typically performed through injury 

mediated-degeneration of branches or rootlets. Ranson et al. performed degeneration of motor 

fibers in the cat through a transection of the intracranial rootlets of the vagus identifying that the 

efferent and afferent portions of the nerve occupy discrete areas of space in the cervical level [122]. 

This, however, degenerates all efferent fibers, including parasympathetic motor efferents. Evans 

and Murray performed a similar experiment in the rabbit, and noted that with a transection between 
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the jugular and nodose ganglia, degenerated fibers tend to occupy one side of the nerve [123]. 

Stathakis et al., on the other hand, tracked the course of the right RLN through the vagal trunk 

through the use of horseradish peroxidase tracer [126]. 

Clustering algorithms identify groups of data points based on intragroup distances, and are used 

often in biological applications. A modified DBSCAN approach, for example, can identify convex 

and concave regions in the 3D structure of a protein [132]. A k-means approach has been used to 

categorize fascicular organization of the human median nerve; however, this was in the feature 

space rather than a spatial clustering [128]. The use of k-means in this study was orthodox: the 

Calinski-Harabasz index is one of the most commonly used means to determine the ideal value of 

k. The final convergence consists of clusters in which each point is assigned to its nearest centroid. 

The results are directly transferable to a Voronoi diagram, which was applied within the confines 

of the structure of the nerve. The creation of regional density maps using this data is similar to the 

work produced by Badia et al., with the exception that the work produced in this thesis creates 

density maps based on boundaries selected by a clustering algorithm rather than those chosen 

arbitrarily by a grid [133]. Others have measured the fiber density within individual fascicles [134], 

[135]. However, the rat VN typically has a large, main fascicle, and an intrafascicular analysis is 

necessary. 

The use of DBSCAN, on the other hand, diverged slightly from common use, particularly in the 

selection of the parameter ε. Typically, ε is selected by generating an N-nearest neighbor 

distribution and subjectively identifying the “elbow point.” This manner of selecting ε is meant to 

separate noise, which have very high N-nearest neighbor distances, with points that can be 

effectively clustered, which have similar N-nearest neighbor distances to other points. Because the 
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selection of ε is to determine how to define noise, for this application noise was defined more 

stringently: points outside of the median range from the 9th-nearest neighbor distribution. This had 

to be done because, for this data, very few points can be considered noise through a classical 

definition. 

The DBSCAN approach used was able to identify high-density regions of both large and small 

myelinated fibers in the nerve samples. According to the DBSCAN results, there are regions 

wherein stimulation can be avoided, and regions to which stimulation can be preferentially steered 

to increase the efficacy of clinical VNS. The nerve is not, as some may assume, uniformly 

heterogeneous. 

Comparing the DBSCAN results for the large and small myelinated fibers, one can see that while 

high-density regions of the two fiber populations tend to occupy separate areas, sometimes clusters 

of large myelinated and small myelinated fibers cohabitate in roughly the same regions.  

The regional density maps produced with the k-means algorithm are generally in line with the 

observations produced by the DBSCAN algorithm. Deviations between the two are likely because 

of the fact that k-means does not exclude any points, and because k-means cannot cluster complex 

shapes the way a density-based algorithm can. However, whereas the DBSCAN results only 

identify the densest populations of axons, all axons are represented in the regionalized density 

maps because the k-means approach does not exclude “noise.” Thus, the regional density maps, 

while constrained by the geometric limitations of the k-means approach, provide a more 

comprehensive means of visualizing both high- and low-density regions of axon populations 

within the nerve. 
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The regional density maps produced successfully identify regions of high- and low-density for 

both populations studied. Some nerves have regions of very high density when compared to the 

entire sample of all nerves. Thus, for the rat left vagus nerve, there are regions of large 

motoneurons that can be avoided, and regions of small myelinated fibers that can be preferentially 

stimulated. Spatial selectivity of the VN could, therefore, reduce laryngeal activation and maintain 

clinical efficacy without the need for excessive pulse amplitudes.  The results presented here show 

that spatial selectivity of the nerve is possible. 
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CHAPTER 3  

SPATIALLY-SELECTIVE STIMULATION OF THE VAGUS NERVE OF THE RAT 

WITH A MULTI-CONTACT ELECTRODE CUFF 

3.1 Introduction 

Selective stimulation of neural targets is commonly sought after both in the CNS and in the PNS. 

One major CNS application for neural stimulation is deep brain stimulation for the treatment of 

Parkinson’s disease. Typically, stimulation of only the sensorimotor portion of the subthalamic 

nucleus is desired, although stimulation of the globus pallidus internus may exert some beneficial 

effects [136]. However, activation of nearby regions, such as the fibers of the internal capsule or 

the non-sensorimotor portion of the subthalamic nucleus, can cause a number of undesired side 

effects [136]. Among the several strategies to avoid off target effects is selective stimulation –

which includes increasing the number of electrode contacts, thus restricting the volume of tissue 

through which electrical current is injected [136]. A similar strategy has been adopted gradually 

over time in the cochlear implant, by far the most widespread and well-known neural implant. 

Early devices that relied on a single electrode were found to be less effective than multi-contact 

electrodes in generating sound recognition at different frequencies [137], [138]. The success of 

multi-electrode devices is due to spatial targeting: as one moves along the scala tympani, the neural 

populations that surround the organ code for specific frequencies of sound [137].  

Functional electrical stimulation (FES) is an experimental treatment in which paralyzed patients 

can regain control of skeletal muscle through the stimulation of motorneurons in the peripheral 

nerves. However, stimulating the whole nerve results in mass contraction of all muscles [139]. A 

number of electrode designs and implantation strategies have been developed for selective 
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activation of certain muscles. McNeal and Bowman used a multi-contact electrode cuff with 

electrodes on either side of the nerve for selective activation of the sciatic nerve in the dog [139]. 

Similarly, Veraart et al. utilized a snug multi-contact electrode cuff for selective activation of the 

different fascicles of the cat sciatic, using four tripoles placed around the nerve [140]. Branner et 

al. used an intraneural approach, using a slanted Utah electrode array that penetrated the sciatic 

nerve of the cat [141]. 

Selective stimulation of the VN is typically achieved by activating or blocking specific fiber types, 

typically through pulse modifications such as quasi-trapezoidal waves, which preferentially 

activate C fibers [142], and depolarizing pre-pulses, which block large myelinated axons and 

activate smaller myelinated axons [143]. Anodal blocking, with the anode placed distally and the 

cathode proximally, can be used to block efferent activity while permitting afferent activity [143]. 

However, there are several drawbacks to these methods. Quasi-trapezoidal pulses preferentially 

target C fibers [142], which may not have any clinical benefit and which could come with their 

own set of undesirable side effects (particularly those related to the gastric system). Depolarizing 

prepulses require a fine-tuning of the prepulse to the activation threshold of the fibers to be 

avoided, which is difficult to estimate due to the different distances between said fibers and the 

stimulating electrode [143]. Anodal block, while effective, requires very high currents [143], 

which could lead to nerve damage and reduced battery life, requiring far more revision surgeries. 

Furthermore, anodal block can transiently decrease the ability for the nerve to conduct action 

potentials after the discontinuation of the anodal blocking pulse [50]. 

Platcha et al. has investigated the use of a multi-contact electrode cuff on the VN for the selective 

activation of aortic depressor nerve (ADN) fibers [144]. They used a cuff with 12 tripoles around 
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the periphery of the nerve to record spontaneous activity and relate it to the presence of 

baroreceptive fibers. After determining the point where baroreceptive fibers were most likely to 

be, they stimulated at that point to alter blood pressure. Despite these reports, the potential benefit 

of spatial targeting VNS for the avoidance of RLN fibers has not been explored. In this chapter, 

we present electrophysiological experiments in which we use a multi-contact electrode cuff to 

preferentially activate small diameter myelinated axons in the VN while avoiding the larger 

diameter fibers that tend to branch off into the RLN. 

3.2 Methods 

In total, 21 female, Sprague-Dawley rats (Charles River, Wilmington, MA) were used. All 

procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the 

University of Texas at Dallas. 

3.2.1 Surgical Procedure 

Animals were anesthetized under 2% isoflurane at a 2 min/L flow rate, and maintained at 1.5-3.0% 

isoflurane, as necessary. Body temperature was controlled by the use of an electric heat pad for 

the duration of the procedure, except when recording. The ventral portion of the neck was shaved 

and a midline incision was made from the mandible to the clavicle. The sternohyoideus and 

sternomastoideus were retracted away from each other. The omohyoideus was transected in both 

sides for ease of access to the carotid sheath. At the most distal level possible, the sheath encasing 

both the carotid artery and VN was opened using 45° angled or straight #5 forceps. The tissue 

connecting the carotid artery and VN was separated using a glass rod hook or microscissors to the 

level of the bifurcation of the carotid. With the sternohyoideus still retracted, the thyroid artery on 
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the side of the trachea was identified, and the RLN was separated from surrounding tissue using 

45° angled or straight #5 forceps and a glass rod hook. 

A custom six-contact electrode cuff was placed on the distal site of the VN for stimulation. Very 

rarely, a small fascicle would become separated from the VN, and was not used for stimulation or 

recording as the location of the fascicle within the trunk had already been compromised. Bipolar 

hook electrodes (product code PBAA15100, FHC Inc., Bowdoin, ME) were placed on both the 

proximal VN site and the RLN for recording. Both hook electrodes were placed such that the nerve 

was isolated from the body while minimizing damage to the nerve. If necessary, Parafilm was 

placed underneath the electrodes to electrically isolate the recording setup. At the end of all 

experiments, animals were euthanized with an overdose of sodium pentobarbital (120 mg/kg). 

3.2.2 Cuff Design 

Custom six-contact electrodes were designed in our laboratory and manufactured by MicroProbes 

(Gaithersburg, MD). Diagrams of the electrode are provided in Figures 3.1A and 3.1B, while 

photographs are provided in Figures 3.1C and 3.1D. The cuff consisted of two tripoles of platinum 

contacts aligned along the axis of the cuff, made from 100 μm diameter platinum wire, embedded 

in a silicone cuff. Each electrode within the tripole was spaced 1 mm apart. The outer electrodes 

were spaced 1 mm away from the edges of the cuff. The contact area for each electrode was at 

least 2000 µm2. The inner cuff diameter was 0.5 mm. The cuff leads were encased in silicone and 

attached to an Omnetics connector. At placement on the VN, one tripole was assigned to be “left” 

(L) and another “right” (R). L was assigned as the tripole nearest the lead wire branching point. 
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3.2.3 Stimulation and Recording Procedure 

Electrical stimulation of the VN was performed using a PlexStim electrical stimulator system 

(Plexon, Dallas, TX) to produce 50 μsec rectangular biphasic pulses with an interpulse interval of 

5 µsec at variable pulse amplitudes. Pulse frequency was 1 Hz, at a repetition of 50 pulses. Three 

multi-contact stimulation configurations were tested: L, R, and Left and Right together (LR). Only 

two adjacent electrodes in each tripole were used, one as the cathode and another as the anode. 

Recordings were made using an OmniPlex system through a 32-channel Mini DigiAmp (Plexon, 

Dallas, TX). An analog-filter with a cutoff frequency of 0.05 Hz was applied to remove DC offset. 

All experiments were performed in a grounded Faraday cage with the electric heat pad unplugged. 

The threshold of VN activation was found through a pulse amplitude titration procedure. Titration 

was performed first on L, then R, then LR. Titration was performed by increasing pulse amplitude 

by steps of 20 to 50 µA. When activity was visible on the VN recordings, amplitude was decreased 

by multiples of 10 µA until activity ceased. The minimum amplitude at which VN activity was 

visible was determined to be the threshold of activation. Because the compound action potential 

peaks of larger myelinated A fibers would be within the stimulus artifact, the threshold determined 

would represent Aδ or B fiber activity. 

After the threshold was determined, stimulations were performed for all three configurations at 

1×threshold (1T), 1.5×threshold (1.5T), 2×threshold (2T), and 2.5×threshold (2.5T). Order of 

stimulation was determined randomly by a computer before surgery. 

It is important to note with regards to the LR configuration that the pulse current is the pulse current 

injected per electrode, rather than in total. For example, when stimulating at a magnitude of 100 
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μA with the LR configuration, 100 μA was injected by each cathode, rather than current being 

divided between them.  

Stimulation and recording was performed with both the left VN/RLN and right VN/RLN. The left 

VN/RLN was used first, and the right was always used second. 

3.2.4 DiI Marking and Nerve Measurement 

DiI labeling was used to mark the position of the L electrode tripole relative to the position of 

fibers within the nerve. A DiI solution was applied to microneedles (approximate diameter: 100 

µm), which were dried in an opaque, covered container at 4 °C overnight. At the end of the VNS 

stimulation test, the epineurium was carefully punctured with the DiI microneedles, which were 

left in the nerve for 0.5 - 2 hours to allow diffusion of the label. 

At the end of the recording experiments the VNs were harvested, and fixed in 4% PFA. After at 

least 24 hours, the tissue was removed from PFA, either to go into additional storage in 4% PBS 

or to go immediately into the sucrose cryoprotection step. Graded sucrose cryoprotection was 

performed at 10%, 20%, and 30% sucrose, for 24 hours at each step at 4 °C. The tissue was then 

embedded in O.C.T. Compound (Sakura Finetek, Tokyo) and frozen. Frozen blocks were 

cryosectioned at 35 μm and mounted on glass slides. 

Immunohistochemistry was then performed to separate myelinated axons from the surrounding 

tissue. Chicken anti-myelin protein zero (Po) primary antibody (AB9352, MilliporeSigma, 

Burlington, MA) was used for myelinated axons to detect myelin. Mouse anti-vimentin primary 

antibody (ab20346, Abcam, Cambridge, U.K.) was used to identify the intermediate filaments of 

non-neuronal endoneurial cells, outlining the space around the myelin. Primary antibodies were 
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subsequently coupled to secondary antibodies with either AlexaFluor 488 (Invitrogen, Carlsbad, 

CA) or Cy5 (Jackson ImmunoResearch, West Grove, PA). 

For a determination of VN fiber peak latency, the distance between the stimulating cuff and 

recording hook was measured from photographs taken with the surgical microscope using ImageJ. 

In one rat, after death, the chest cavity was opened and the distance between the RLN hook 

placement and VN stimulating cuff was photographed with the surgical microscope for the left 

and right sides. 

3.2.5 Data Analysis 

Electrophysiological recordings of VN and RLN neural activity was saved in the Plexon 

proprietary .plx or .pl2 format and imported into MATLAB using the Matlab Offline Files SDK 

provided by Plexon (Dallas, TX). The first stimulation artifact was found manually and input into 

a custom program in MATLAB. Then, using the known stimulation frequency and number of 

pulses, the program found all subsequent compound nerve action potentials (CNAPs) and aligned 

them at the stimulation artifact. Waveforms were aligned such that the stimulation artifact was 

1.25 msec from the beginning of the extracted waveform. Extracted waveforms were 12.5 msec in 

length. All CNAP waveforms were vertically aligned at the origin. Heart rate and breathing motion 

artifacts were identified in the recordings. Waveforms containing significant artifacts over neural 

activity were removed manually, as their presence could negatively affect the shape of the 

waveform. An example of this is found in the Appendix in Figure A.2. After removing noisy 

waveforms, an averaged CNAP was created by averaging the amplitude values over time. 
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3.3 Results 

 

Figure 3.1. Diagram of the multi-contact cuff electrode from the top (A) and along the cuff axis 
(B). The L configuration was defined as that nearest the lead branching point, whereas the R 

configuration was the opposite. Representative photos of the cuff from the top (C) and along the 
cuff axis (D). 
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3.3.1 CNAP Shape 

Consistent A-fiber activity was observed on both the VN and RLN recordings. The RLN 

recordings either showed a bimodal peak (Figure 3.2B), a unimodal peak (Figure 3.2C), or several 

“choppy” peaks (Figure 3.2D). The last case may be due to slight damage caused by teasing of the 

nerve. In as many cases as possible, the first peak was always measured for RLN data. In cases in 

which faster peaks appeared at greater amplitudes, but did not appear at smaller amplitudes, the 

peak most consistently evoked at all amplitudes was used to prevent reporting cases of no RLN 

activation. In some cases, the Aδ/B peaks were two separate peaks, albeit within a very close 

distance, whereas in other cases only a single Aδ/B peak could be seen. An example of a CNAP 

with both peaks is provided in Figure 3.2A. When the former case was observed, only Aδ activity 

was measured, as it was always the higher peak. 

Because of the large distance between the recording hook and stimulating cuff, the peaks seen in 

RLN recordings were definitively from large-diameter fibers. The VN recordings contained an 

additional caveat in that the largest fiber peaks were contained within the stimulation artifact, and 

could not be recorded. Aδ/B activity, however, was routinely evoked at a distance far enough from 

the stimulus artifact that its peak-to-peak amplitude could be measured for analysis at up to 2.5T. 

Interestingly, the polarity of the recordings was occasionally reversed. The reason for this is 

unknown. 
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Figure 3.2. Example CNAP shapes. A) VN waveform trace showing a clear Aδ peak followed 
by a B peak. Many VN traces did not have a clearly defined B peak. B) Bimodal peak seen in 
RLN waveform. C) Unimodal peak seen in RLN waveform. D) “Choppy” peaks seen in RLN 

waveform, possibly due to slight teasing of the nerve. 

3.3.2 Peak Latency and Fiber Type Diameter   

To confirm which fiber types are visible in the CNAP traces, the latency of the peaks was 

calculated. The average latency of the VN peak measured was 18 ± 5.6 m/s (n=100, from 10 rats). 

The average latency of the RLN peak measured was 48 ± 6.4 m/s (n=24, from 2 rats). Using the 
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values for myelinated fiber diameter and speed provided in Table 1.1, a linear fit was approximated 

to estimate fiber type diameter from the peak speed: 

𝑑𝑑 = 0.1631𝑣𝑣 + 0.2232 

where d represents fiber diameter (in μm) and v represents speed (in m/s). The fit had an R2 value 

of 0.9892. The s    lope is furthermore in line with a linear regression of conduction velocity over 

fiber diameter derived by Hursh [38]. Using this linear regression, the mean fiber diameter peak 

of measured fibers 3.2 ± 0.9 μm for the VN recordings and 8.1 ± 1.0 μm for the RLN recordings 

(n=100 from 10 rats and n=24 from 2 rats, respectively). 

3.3.3 Threshold of Activation 

Thresholds were defined as the minimum pulse amplitude, in multiples of 10 μA, required to evoke 

visible Aδ activity, as visible on the VN trace. The average threshold amplitude was 87.5 ± 51.7 

μA for L, 86.7 ± 40.3 μA for R, and 40.0 ± 21.7 μA for LR. The threshold of activation for LR 

was never greater than the threshold of activation for either L or R within that rat. Only in 1 of 12 

animals (8.33%) was it equal to the threshold for either L or R. Average amplitudes were calculated 

with an n of 12 rats. Using a one-way ANOVA with a Tukey multiple comparison test, no 

significant difference was found between the L and R thresholds (p = 0.9986). There was, however, 

a significant difference found between L and LR (p = 0.0169) and between R and LR (p = 0.0192). 

Figure 3.3 plots the thresholds of activation between the three configurations. 
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Figure 3.3. Thresholds of activation between the configurations L (left, blue), R (center, red), 
and LR (right, green). 

 
In some animals, the thresholds appeared to increase slightly over time. This was apparent when 

no activity was seen at 1T during the randomized trials, despite the fact that activity was present 

at the same amplitude during the thresholding period. Some animals showed no activity at 1.5T as 

well. Threshold increasing did not always occur uniformly across every animal, often only on one 

or two configurations. An example of a threshold shift is given in Figure 3.4. 

The blue line in Figure 3.4 is a VN trace taken at a pulse amplitude of 90 μA, from the L 

configuration, during the thresholding period. The red line in Figure 3.3 is a VN trace taken at the 

same amplitude, in the same animal, using the same configuration, 68 minutes later. The clear Aδ 

activity present during the thresholding period is no longer apparent during the randomized 

stimulation scheme. 
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Figure 3.4. Example of a threshold shift. VN trace of an animal at 1T during the thresholding 
period (blue line) and of the same animal 68 minutes later at 1T during the randomized 

stimulation scheme (red line). Aδ activity is apparent during the thresholding period, but not 
during the experimental phase.  

3.3.4 No population difference between configurations at any threshold multiple 

The peak-to-peak amplitudes of the VN and RLN CNAP traces were measured. VN amplitudes 

were normalized to the largest peak-to-peak VN amplitude for each animal. RLN amplitudes were 

normalized to the largest peak-to-peak RLN amplitude for each animal. The normalized peak-to-

peak amplitudes at each cuff configuration and threshold was averaged for both the VN and RLN. 

A bar graph of averaged normalized peak-to-peak amplitudes is given in Figure 3.5A for the VN 

and in Figure 3.5B for the RLN. No significant differences were found between any of the 

configurations at any threshold on either the VN or RLN (two-way ANOVA, Tukey multiple 

comparison test). 
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Figure 3.5. Graphs of normalized peak-to-peak amplitudes for VN (A) and RLN (B) activity. 
Data is plotted as mean with standard deviation error bars. n = 8 rats. 

 
Analysis of the ratio of normalized RLN peak-to-peak amplitude over normalized VN peak-to-

peak amplitude was performed (Figure 3.6) and analyzed with a two-way ANOVA in Graphpad 

Prism (GraphPad, La Jolla, CA) with Tukey’s multiple comparison test. This was done 

individually for left VN stimulation (n = 5) and right VN stimulation (n = 3). No statistical 

significance was found for the left VN stimulation. Statistical significance (P < 0.0001) was found 

for the main effect of amplitude for right VN stimulation. Multiple comparisons test found 

significant differences in the RLN/VN activation ratio between R configuration 1T and 1.5T, 1T 

and 2T, and 1T and 2.5T. There were also significant differences between LR configuration 1T 

and 2T, 1T and 2.5T, and 2.5T and 2.5T. 
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Figure 3.6. Ratio of normalized RLN peak-to-peak amplitude over normalized VN peak-to-peak 
amplitude for left VN stimulation (A) and right VN stimulation (B). Data plotted as mean ± 

standard deviation. 
 

The lack of significance using left VN stimulation is understandable, as the random orientation of 

bundles within the nerve implies that selectivity (in this case, the ratio of RLN activation over VN 

activation) does not lend itself to a population trend when cuffs are implanted blindly. While RLN 
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activation should generally dominate over VN activation, the extent to which this effect happens 

clearly varies greatly as shown by the standard deviation bars. 

The significance seen using right VN stimulation shows that, at lower amplitudes, the data 

collected with right VN stimulation lent itself well to the expected trend that RLN activation will 

predominate over VN activation. As the amount of stimulus is increased, the smaller and smaller 

fibers within the nerve will be recruited. Again, however, the trend identified with this effect is 

inadvertent, as no such trend is seen nor expected from left VN stimulation. Thus, an individual 

analysis is required on a case-by-case basis. 

3.3.5 Selectivity apparent at the individual level 

While the rat VN has bundles of large and small myelinated axons, the distribution of these axons 

throughout the nerve is random and cannot be estimated before electrode placement. Individually, 

however, many animals displayed levels of selectivity, in this case defined as the ability to activate 

the VN more than the RLN in one configuration versus the others. Only 10 animals had data 

showing clear CNAP peaks on both the VN and RLN at 2.5T on all configurations. Of these 

animals, 2 were excluded because analysis of the data taken during thresholding indicated that the 

thresholds recorded were incorrect, and the trained investigator had erred in detecting Aδ activity. 

The remaining 8 animals are analyzed individually below. 

Rat 46 (right VN) was able to evoke different responses with both the L (Figure 3.7A) and R 

(Figure 3.7B) configurations in comparison to the LR configuration (Figure 3.7C). At 2T and 2.5T, 

the L and R configurations were able to achieve high activity VN while minimizing RLN activity. 

With the LR configuration, RLN activation is far greater, while VN activity is generally lesser, 

from 1T to 2T.  
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Figure 3.7. Normalized peak-to-peak amplitudes for VN (solid blue) and RLN (dashed red) data 
from Rat 46 – right VN. Amplitudes are given for the configurations L (A), R (B), and LR (C) 

from 1T to 2.5T. 
 

At 2.5T in the LR configuration, the maximum recorded activity took place. Because the threshold 

was 30 μA, the actual current injected by each electrode was 75 μA, less than the current injected 

at 1T from either the L or R configurations. Therefore, the maximal RLN activation had to have 

been achieved due to an overlap between the volumes of tissue activated from the L and R 

configurations. Rat 46, therefore, is a good representative for the ability of a multi-electrode 

contact to activate only nearby, smaller fibers, avoiding larger fibers at a greater distance. 

Conversely, Rat 32 (left VN) was able to maximize VN activation in relation to RLN activation 

with the LR (Figure 3.8C) configuration rather than either the L (Figure 3.8A) or the R (Figure 

3.8B) configurations. This is especially apparent at 1.5T and 2T, when the difference between VN 

and RLN activation is especially pronounced in the LR configuration. Furthermore, the R 

configuration was able to maximize RLN activation over the whole dataset. Similarly, Rat 50 (right 
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VN) was able to maximize VN activation in relation to RLN activation at higher amplitudes in the 

LR configuration (Figure 3.9C), although this was also present to a degree in the L configuration 

(Figure 3.9A). At higher amplitudes, the R configuration (Figure 3.9B), however, strongly 

activated the RLN. Again, with such low LR thresholds, the overlapping volume of tissue activated 

likely contains a great number of small myelinated axons that are not activated with either L or R 

alone. 

 

Figure 3.8. Normalized peak-to-peak amplitudes for VN (solid blue) and RLN (dashed red) data 
from Rat 32 – left VN. Amplitudes are given for the configurations L (A), R (B), and LR (C)  

from 1T to 2.5T. 
 

To a much greater degree, Rat 47 (left VN) was able to preferentially activate VN fibers over RLN 

fibers at higher amplitudes in the LR configuration (Figure 3.10C), but there is an unexpected drop 

in activity between 2T and 2.5T. Analysis of the individual CNAP traces suggests that the drop in 

peak-to-peak amplitude in the RLN is due to a low SNR: the noise shifted the bottom peak, which 

affected the peak-to-peak amplitude measurements. For the VN, however, the drop in amplitude 
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between 2T and 2.5T appears to be an actual drop in neural activity and cannot be explained. 

Nonetheless, the results still show a clear preferential activation of VN fibers over RLN fibers 

caused by the LR configuration that is not replicated as strongly with either the L or R 

configurations alone. 

 

Figure 3.9. Normalized peak-to-peak amplitudes for VN (solid blue) and RLN (dashed red) data 
from Rat 48 – left VN. Amplitudes are given for the configurations L (A), R (B), and LR (C)  

from 1T to 2.5T. 
 

Other animals, such as Rats 48 and 51 (both left VN; Figures 3.11 and 3.12, respectively), are able 

to achieve high VN activation and low RLN activation at only low amplitudes respective to their 

thresholds. In Rat 48, at 1T on the L configuration (Figure 3.11A), large VN activity was achieved 

with minimal RLN activity. The R (Figure 3.11B) and LR (Figure 3.11C) configurations did not 

achieve this at low amplitudes: instead, RLN and VN activity typically increased relatively 

proportionally without activating additional small myelinated axons. 
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Figure 3.10. Normalized peak-to-peak amplitudes for VN (solid blue) and RLN (dashed red) 
data from Rat 47 – left VN. Amplitudes are given for the configurations L (A), R (B), and LR 

(C) from 1T to 2.5T. 
 

 

Figure 3.11. Normalized peak-to-peak amplitudes for VN (solid blue) and RLN (dashed red) 
data from Rat 48 – left VN. Amplitudes are given for the configurations L (A), R (B), and LR 

(C) from 1T to 2.5T. 
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Figure 3.12. Normalized peak-to-peak amplitudes for VN (solid blue) and RLN (dashed red) 
data from Rat 51 – left VN. Amplitudes are given for the configurations L (A), R (B), and LR 

(C) from 1T to 2.5T. 
 
Selectivity at low amplitudes was also achieved in the R configuration on Rat 51 (left VN; Figure 

3.12B), albeit at both 1T and 1.5T. Similar to Rat 48, the L configuration for Rat 51 (Figure 3.12A) 

saw VN and RLN activity typically increase proportionally until a relative VN saturation point. 

The LR configuration (Figure 3.12C), however, continued to see roughly proportional increases 

from 1T to 2.5T. In one case (Rat 46, left VN; Figure 3.13), preferential activation was seen at 

high amplitudes in the R configuration (Figure 3.13B). Interestingly, at 2.5T with both the L and 

R configurations (Figures 3.13A and 3.13B, respectively), the RLN activation was roughly the 

same; however, the VN activation with the R configuration is approximately 66.7% higher than it 

is with the L configuration. The CNAP traces at 2.5T from this experiment are plotted in Figure 

3.14. The height of the RLN large A fiber peak for the R configuration (Figure 3.14E) is much 

smaller than that for the L configuration (Figure 3.14D), while the height of the VN Aδ peak is 
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much greater for the R configuration (Figure 3.14B) than it is for the L configuration (Figure 

3.14A). 

 

Figure 3.13. Normalized peak-to-peak amplitudes for VN (solid blue) and RLN (dashed red) 
data from Rat 46 – left VN. Amplitudes are given for the configurations L (A), R (B), and LR 

(C) from 1T to 2.5T. 
 

In one case (Rat 51, right VN; Figure 3.15) there was no noticeable preferential activation of VN 

activity over RLN activity. The R and LR configurations did show a possible higher preference of 

VN Aδ activation; however, the difference between the activation of small myelinated VN neurons 

and large myelinated RLN neurons is not very high, and likely within the margin of error. 
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Figure 3.14. CNAP traces at 2.5T from Rat 46, left VN. VN CNAPs are provided in A, B, and 
C, while RLN CNAPs are given in D, E, and F. The L configuration is given in A and D, the R 

configuration in B and E, and the LR configuration in C and F. Black arrows point to the Aδ 
peak (VN) or large A peak (RLN) used for measurement. Scale bars for A, B, and C are 

provided in A; scale bars for D, E, and F are provided in D. 
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Figure 3.15. Normalized peak-to-peak amplitudes for VN (solid blue) and RLN (dashed red) 
data from Rat 46 – left VN. Amplitudes are given for the configurations L (A), R (B), and LR 

(C) from 1T to 2.5T. 
 

In many cases, there are examples of a decrease in activity given an increase in the stimulation 

current. Many of these cases (for example, between 2T and 2.5T on the L configuration in Rat 46) 

are within a small enough difference to be ignored. Others, such as the larger drops seen in Rats 

32 and 48, cannot be immediately attributed to the margin of error. In the case of Rat 48, the drop 

in peak-to-peak amplitude can be attributed to the combination of a low signal-to-noise ratio (SNR) 

and increased noise at the bottom peak. The relevant VN traces for Rat 48 for the R and LR 

configuration are shown in Figure 3.16. 
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Figure 3.16. VN CNAP traces from Rat 48 – left VN for the R (A) and LR (B) configurations. 
2.5T is represented by a solid, blue line; 2T is represented by a dashed, red line; 1.5T (subfigure 

B only) is represented by a long dashed, green line. 
 

The VN traces from Rat 48, R configuration (Figure 3.16A) show that while the peak-to-peak 

amplitude decreases from 2T to 2.5T, the amplitude of the peak itself is roughly equivalent. This 

is also true for the LR configuration (Figure 3.16B). Thus, no additional VN small myelinated 

axons were recruited between 2T and 2.5T for the R configuration, and between 1.5T and 2.5T for 

the LR configuration. 

3.3.6 DiI markings correlate fiber distribution with selectivity 

DiI markings of the nerve were made to label the location of electrode contacts. Subsequent 

imaging of the cross-section of the nerve provides an insight into the regions of the nerve that were 

stimulated. 
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One such example is the DiI marking for Rat 32, seen in Figure 3.17. In this case, the DiI 

microneedle was placed at a location corresponding to the L configuration. Large myelinated fibers 

are present both near this position (Figure 3.17C) and on the opposite side (Figure 3.17B), where 

the R tripole is located. The presence of these fibers near the electrode sites explains the ease of 

the L and R configurations alone to activate large RLN fibers. Thus, the LR configuration was able 

to preferentially activate small myelinated axons through the creation of a focal point between the 

L and R tripoles. 

 

Figure 3.17. DiI marking for Rat 32 – left VN. A) Cross-section of the entire nerve, with DiI in 
red, Po stained in green, and vimentin stained in blue. The DiI marking on this nerve corresponds 
to the location of the L tripole on the electrode. Inset locations for Figures 3.12B and 3.12C are 
outlined in white. B) The presence of large myelinated fibers is seen around the opposite side of 
DiI placement, where the R tripole was located. C) The presence of large myelinated fibers is 

seen around the DiI placement, where the L tripole was located.  
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DiI marking was also available for Rat 46, left VN (CNAP data quantified in Figure 3.7), where 

preferential Aδ/B activation was seen for both the L and R configurations separately, but not for 

the LR configuration. The DiI marking (Figure 3.18) corresponds to the location of the L tripole. 

Multiple large myelinated fibers are seen at locations along the periphery of the fascicle, away 

from the locations of both the L and R tripoles (Figures 3.18B and 3.18C). 

 

Figure 3.18. DiI marking for Rat 46 – left VN. A) Cross-section of the entire nerve, with DiI in 
red, Po stained in green, and vimentin stained in blue. The DiI marking on this nerve corresponds 
to the location of the L tripole on the electrode. Inset locations for Figures 3.13B and 3.13C are 

outlined in white. B) The presence of large myelinated fibers is seen around a point roughly 
equidistant from the L and R tripoles. C) The presence of large myelinated fibers is seen around 
the opposite side of the nerve from 3.13B, again roughly equidistant from the L and R tripoles. 

 
The presence of large myelinated fibers at locations away from the L and R configurations explains 

why the LR configuration showed the highest preferential activation of small myelinated fibers. 
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When the L and R configurations were stimulated together, overlap in the electrical fields created 

a region between them where larger myelinated fibers could be activated. When only the L or R 

configurations were used alone, the electrical field towards the center of the fascicle was too weak 

to activate the larger fibers. 

3.4 Discussion 

With the exception of the occasional change in polarity or emergence of a separate B fiber peak, 

the general shape of the VN CNAP from 1T to 2.5T was consistent among all animals. It is also 

consistent with the general shape observed by McAllen et al. [110]. The mean latency of the 

measured VN peak was 18 ± 5.6 m/s, corresponding to a mean fiber diameter of 3.2 ± 0.9 μm. 

Thus, the fibers measured would be classified as Aδ according to the classification scheme in Table 

1.1, or as small myelinated fibers in the clustering analysis performed in Chapter 2. The peak fiber 

diameter additionally corresponds well with the peak of the small myelinated fibers seen in the 

fiber diameter histogram (Figure 2.2). 

For the RLN CNAPs, several different shapes were seen. Commonly, either a unimodal or bimodal 

peak was seen. In others, the CNAP appeared more “choppy” than others. This could be due to 

slight damage caused to the nerve by teasing and stretching, especially due to the small size of the 

RLN. However, these traces are somewhat similar in shape to those simulated by Wijesinge and 

Wikswo, especially at higher temperatures [145]. Therefore, the possibility that internal 

temperature was a component in differing shapes of the waveform between animals is a possibility. 

For the measured RLN peak, the mean latency was 48 ± 6.4 m/s, corresponding to a mean fiber 

diameter of 8.1 ± 1.0 μm. This is slightly larger than the peak of the large myelinated fibers seen 

in Chapter 2, wherein the fiber diameter histogram shows a clear peak closer to 7 μm. This may 



 

75 

be attributed to slight errors introduced when approximating the length of the nerve, especially 

when the RLN recurs around either the aortic arch or the subclavian artery. Such approximations 

could cause an underestimation of the total length of the nerve. The true peak fiber diameter is 

therefore likely a bit closer to 7 μm. 

While there is enough distance for Aα fibers to be visible on the RLN trace, the RLN fiber peaks 

seen would generally be classified as Aβ or Aγ fibers. Under the classical definition, no Aα fiber 

peaks were seen. However, as discussed in Chapter 2 of this thesis, the fiber diameter histogram 

of all myelinated axons in the VN generally has a bimodal distribution, with modes around 3 and 

8 μm. Very few myelinated axons are above 13 μm in diameter, the cutoff for Aα fibers. A CNAP 

is composed of the sum of several single action potentials. Thus, while there are likely Aα fibers 

present in the nerve, they are too few in number to be easily measured. 

The threshold of activation for Aδ activity in the VN was 87.5 ± 51.7 μA for the L configuration, 

86.7 ± 40.3 μA for the R configuration, and 40.0 ± 21.7 μA for the LR configuration. A typical 

titration scheme in the clinic, however, begins with stimulation amplitudes at 250 µA. 

Furthermore, pulse width is, at minimum, 130 µsec, whereas the pulse width used in our 

experiments was 50 µsec. Thus, both the pulse amplitude and pulse widths used are orders of 

magnitude below those used clinically. Part of this discrepancy is due to increased thresholds of 

activation in closed, unanaesthetized subjects. Woodbury and Woodbury saw a 10× amplification 

of C-fiber threshold stimulating with cuff electrodes in unanaesthetized, ambulatory rats when 

compared to open, anesthetized rats with hook electrodes in mineral oil [95]. Closing the incision 

site around the implant can lead to shunting of stimulation current to the surrounding tissues, 

although the NCP spiral cuff is designed to minimize this [17]. However, the incidence of 
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paresthesia at the incision site implies that there is likely a small degree of current leaking into the 

surrounding tissue. There may also be different thresholds of activation between rats and humans, 

especially considering the changes in epineurial thickness and total nerve size. In anesthetized rats, 

Woodbury and Woodbury observed activation of both A and B fibers at amplitudes of less than 

100 µA for all pulse widths greater than 100 µsec [95]. This is far lower than the thresholds 

observed in anesthetized adults by Koo et al., wherein any observable CNAP response at 100 µsec 

requires greater than 500 µA of stimulation current [146]. 

One limitation of this study is the inability to know where exactly the bundles of large and small 

myelinated axons are located before placement of the cuff. Plachta et al. were able to record the 

tonic activity of baroreceptive fibers that fire in rhythm with the heart rate and identify the tripole 

most suitable for preferential stimulation of ADN fibers [144]. This is not as suitable, however, 

for detecting nonspecific afferent activity nor is it even possible for efferent activity to the 

branchial muscles, as those fibers would not be firing under anesthesia. McNeal and Bowman were 

able to determine a suitable location before beginning their stimulation scheme by positioning the 

cuff for maximal selectivity [139]. Our cuffs, however, have lead wires encased in a layer of 

silicone, which prevents any rotation of the cuff around the nerve within the cavity that held the 

VN. Thus, the selectivity achieved with the cuff is dependent on the random orientation of fibers 

within the nerve. 

Plachta et al. has investigated the use of a multi-contact electrode cuff for the preferential activation 

of aortic depressor nerve fibers and avoidance of side effects [144]. However, they did not look at 

any side effects mediated by RLN fibers, instead focusing predominantly on functional 

measurements from the heart and lungs to detect bradycardia and bradypnea, respectively. As 
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discussed in Chapter 1, bradycardia is predominantly mediated by the activation of cardiac efferent 

fibers, commonly classified as B fibers. Bradypnea, on the other hand, can be caused by 

stimulation of larger myelinated afferents, as discussed in Section 1.3.6. Although, these fibers are 

generally only larger (maximum of around 8 μm in diameter) in larger animals, like the cat and 

the dog [50]. In the rat, myelinated stretch afferents from the lungs are no larger than 6 μm in 

diameter [147]. The baroreceptive fibers of the ADN, on the other hand, are typically unmyelinated 

(and high threshold) C fibers and small myelinated fibers, typically no larger than 3 μm in diameter 

[148]. Thus, the high selectivity attained in the work of Plachta et al. is a combination of the cuff 

design and the small difference in fiber diameter between on-target and off-target populations. The 

work presented here has a much larger difference in on-target and off-target fiber diameter, with 

on-target fiber diameters of around 3 μm and off-target fiber diameters around 7 to 8 μm and larger, 

as high as around 14 to 15 μm (although these fibers are far fewer in number). Therefore, selectivity 

is more difficult, and the inadvertent stimulation of some RLN fibers is unavoidable. However, 

even in representative samples of baroreceptive electrodes, Plachta et al. elicited slight bradycardia 

and bradypnea [144].  

Two different motifs for selective stimulation in the VN were observed. One was the ability to 

activate preferentially Aδ neurons over larger A fibers within one of the lateral (L or R) 

configurations (as was seen for Rats 48 and 51) or with both of the lateral configurations (as was 

seen for Rat 46). The other saw selective stimulation with the LR configuration, while the L and 

the R led to greater relative RLN activation (as was seen for Rats 32 and 50). Typical multi-

electrode contacts used for the preferential stimulation of peripheral nerves (such as those 

developed by Plachta et al. or Veraart et al. [140], [144]) typically restrict stimulation to a specific 
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single cathode, trying to maximize stimulation within the small volume of tissue directly adjacent 

to the selected contacts. While successful examples of this type were observed in this thesis, the 

possibility of using lower currents in combination with multiple cathodes on a multi-contact 

electrode has not been explored. A major innovation in this study, therefore, is the newfound ability 

to use multiple peripheral contacts to preferentially activate target towards the center of the nerve.   

We had originally hypothesized that the LR configuration would not lead to selective stimulation, 

and could actually simulate a circumferential cuff control. The experience here has proven that 

this is not the case, and that the use of overlapping volumes of activated tissue, provided by small 

electrode contacts, can be part of a selective stimulation scheme to preferentially activate tissue 

towards the center of the nerve. 

However, this discovery comes with a significant drawback: the ability for the LR configuration 

to have such a large overlapping area of activated tissue means that even at very low amplitudes, 

the individual L and R configurations do not restrict current to a small area within the nerve. Thus, 

individual parameters must be highly tuned to achieve selective stimulation. 

In summary, a multi-contact cuff electrode may be able to be utilized in the clinic as a means for 

preferential stimulation of VN afferents while avoiding many of the branchiomotor efferents and 

general somatic afferents that branch off as the RLN. However, it may be difficult to estimate the 

proper orientation for maximal selectivity, especially in the clinic where measures such as an 

RLN recording or a laryngeal EMG are unnecessarily risky. Akin to the individualized parameter 

selection already used clinically, any spatially selective stimulation paradigm must involve an 

individualized selection of which contacts on a multi-contact electrode to use. 
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APPENDIX 

Heart rate and breathing artifacts can be attenuated from recordings by applying a low-pass filter. 

However, a low-pass filter also significantly changes the shape of a CNAP waveform. This is 

shown in Figure A.1. The orange wave is raw, unfiltered data, while the blue wave was passed 

through a four-pole Bessel filter with a cutoff frequency of 300Hz. This change was why only 

unfiltered CNAPs (with the exception of the analog high-pass filter in the Mini DigiAmp) are 

analyzed in Chapter 3. 

Noisy waveforms were manually removed from the CNAP traces. Figure A.2 shows an example 

of noisy waveform removal. In Figure A.2A, all 50 CNAP traces are shown, and averaged in Figure 

A.2B. In Figure A.2C, the noisy waveforms have been removed and averaged in Figure A.2D. The 

actual shape/amplitude of the bimodal RLN peak is unchanged; however, much of the background 

noise affecting the baseline has been significantly reduced. This is important to reduce, as the 

baseline represents an integral part of the calculation of peak-to-peak amplitude. 



 

80 

 

Figure A.19. Rat 38, VN LR 2.5T CNAP showing the difference between a filtered (orange) and 
unfiltered (blue) CNAP. 
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Figure A.20. Rat 38, RLN L 2.5T CNAPs. A) All 50 CNAP waves. B) The averaged CNAP 
created from the waves in A.2A. C) CNAP waves when noise was manually removed (39 waves 

remain). D) The averaged CNAP created from the remaining waves in A.2C. 
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