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Electrical stimulation of the cervical vagus nerve (VNS) has been approved for treatment resistant epilepsy in Europe and the USA for over 20 years and has been used to treat over 100,000 epilepsy patients [1]. VNS is also an approved therapy for treatment resistant depression in the USA and has been investigated as a potential therapy for a wide range of conditions including heart failure, inflammation, Alzheimer's disease, obesity and chronic pain [2]. However, the mechanisms of VNS are not fully understood and not all patients respond to VNS treatment [1]. 
One factor that may impact the effectiveness of VNS is the position of the electrode in relation to the fascicles and different nerve fibre types within the cervical vagus nerve. The limited data available on human vagus nerve morphology shows that the left vagus nerve (typically the side chosen for VNS to minimise effects on the sinoatrial node) has a significantly smaller surface area and fewer fascicles compared to the right [3]. Evidence from porcine vagus nerves shows that these fascicles relate to organotopic organisation of the cervical vagus nerve [4,5] suggesting that stimulation of specific fascicles may enable organ specific targeting of VNS. Furthermore, immunohistochemistry studies have detected positive tyrosine hydroxylase (TH) labelling in human cervical vagus nerves [7]. As TH is required for the synthesis of catecholamines, its presence suggests that the vagus nerve also contains sympathetic nerve fibres. This has potential implications for many of the experimental applications of VNS which aim to promote parasympathetic activity e.g. heart failure [2]. By potentially stimulating sympathetic fibres withing the vagus nerve, this may inadvertently counteract the intended parasympathetic stimulation effects of VNS. As such, detailed knowledge of the proportion and location of TH positive fibres within the cervical vagus nerve may help refine future VNS electrode positioning.  
 
This study aimed to: 
Determine the proportion and location of TH positive fibres within the cervical vagus nerve in humans. 
Determine the number of fascicles in left and right vagus nerves at 3 levels; cranial, mid-cervical and caudal. 
Determine the proportion of fibres at each level of the cervical vagus nerve that are TH positive and whether these are contained within specific fascicles or distributed more diffusely. 
Propose optimal electrode positioning for cervical VNS in relation to the proportion and location of TH fibres. 
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Approach 
Seven formalin embalmed cadavers (1 male, 8 females) donated for anatomical education and research under the Anatomy Act (1984) and Human Tissue (Scotland) Act (2006) were used in this study (ethical approval therefore not required by UoG Ethics Committee). Using a textbook as a guide[1] , the right and left vagus nerve (VN) were dissected using the posterior di-gastric muscle as a superior border and the clavicle as an inferior border. The VN was then measured between these borders to determine the midpoint. The VN was sampled at the midpoint and approximately at the superior and inferior borders to produce three samples. During dissection, a thin physical connection between the sympathetic trunk (ST) and the VN was discovered on the right-hand side in two of the seven cadavers. These connections were sampled and labelled using neurofilament (Nf) immunohistochemistry to confirm if these connections contained neurons. Two sections of each sample were stained with Masson’s Trichrome to expose the fascicle organisation. Tyrosine Hydroxylase (TH) and Choline Acetyltransferase (ChAT) Immunohistochemistry were also completed for each sample level to show sympathetic and parasympathetic neuron distribution. 
 
Project Outcomes 
This project provided evidence of a neuronal connection between the vagus nerve (VN) and the sympathetic trunk (ST) within the cervical region.  
 
 
The human vagus nerve has been considered anatomically separate from the sympathetic trunk as opposed to other mammals, such as dogs, that have a connected VN and ST known as the vagosympathetic trunk[2]. However, successful Nf-IHC of the two VN-ST connections proved a neural junction exists between the VN and ST in some humans at the cervical level. This challenges the concept of a completely distinct VN and ST, potentially indicating an evolutionary relic where these nerves remain linked at specific points. This discovery could also provide insight into the origin of TH-positive fibers within the vagus nerve as neurons definitively cross between the VN and the ST. TH-IHC was completed to determine this, but unfortunately the TH and ChAT immunohistochemistry failed, and no results were obtained. This means the connection content was unable to be determined. However, this opens an avenue for future research as this connection potentially contains the source of TH positive fibres found in the VN. If this is the case, electrode placement in vagus nerve stimulation should be above the VS-ST to avoid stimulating the sympathetic fibres.  
 
Experience Gained 
This project has allowed me to develop a broad range of skills that will assist my academic career as I pursue further research opportunities. By completing 14 vagotomies, I have greatly improved my dissection skills and received valuable practical experience in the neuroanatomy field. This has not only increased my dissection confidence, but also deepened my understanding of complex anatomical structures as well. Through preparing, mounting and staining a large sample of neural tissue, I have developed desirable IHC and problem-solving skills that will distinguish me from other candidates in both academic and research opportunities. In conclusion, the diverse set of skills I have developed during the Anatomical Society Undergraduate Summer Vacation Research Scholarship has given me a strong foundation for pursuing a career in research. 
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Title: Composition of the human cervical vagus nerve and potential implications for vagus nerve stimulation. 
 
Vagus nerve stimulation (VNS) is used to treat conditions such as treatment resistant depression and heart failure due to the parasympathetic qualities of the vagus nerve (VN). However, there are limited reports of tyrosine hydroxylase (TH) positive fibres within the vagus nerve[1]. These fibres indicate sympathetic neurons, and their stimulation would potentially reduce the effectiveness of VNS. Furthermore, the source of the TH-positive fibres is unknown. However, VN ganglia have been shown to be TH-positive and physical connections between the VN and sympathetic trunk (ST) have been recorded in dogs[2]. 
 
During the dissection of seven cadavers, two were identified to have a physical connection between the right-hand side VN and ST. These connections were sampled and underwent Neurofilament immunohistochemistry. The Nf-IHC produced positive results for both connections, confirming a neural junction exists between the VN and ST at the cervical level.  
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Figure 1. Neurofilament positive vagus-sympathetic connection. 

This challenges the concept of a distinct VN and ST within humans; potentially indicating an evolutionary relic where these nerves remain linked at specific points. However, the prevalence of this connection within the population requires further study.  As this discovery could indicate the origin of TH-positive fibers within the vagus nerve, TH-immunohistochemistry was completed, but no results were able to be obtained. This opens an avenue for future research as the fibre type of this connection still needs to be determined. If this connection did contain TH-positive fibres, electrode attachment in VNS should be above the connection to avoid stimulating the sympathetic fibres. 
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