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Current challenges in neuronal tract tracing include sacrificing the animal, detailed 

sectioning of the brain, and cumbersome reconstruction of slices to gather information, which are 

very tedious, time consuming, and have low-throughput. In this regard, Manganese-enhanced 

Magnetic Resonance Imaging (MEMRI) has been an emerging methodology for fiber tract 

tracing in vivo. The manganese ion (Mn2+) is paramagnetic and is analogous to calcium ions 

(Ca2+), which allows it to enter excitable cells through voltage-gated calcium channels, thereby 

reporting cellular activity in T1-weighted MR images. Moreover, once the Mn2+ enters the cell, it 

will move along the axon by microtubules, release at the synapse, and then uptake by post-

synaptic neurons, hence revealing the pathway of Mn2+ transportation. While most MEMRI 

neuronal tracing studies have focused on mapping circuitries within the brain, MEMRI has rarely 

been applied to trace peripheral nerve projections into the brain.   

In this thesis, I will propose the use of MEMRI to trace vagal nerve projections into the 

central nervous system by showing enhancement of neuronal pathways with an optimized 

protocol. This protocol demonstrates in vivo monitoring of manganese transport into the brain 

from the nodose ganglion and shows how the enhancement in MR images can be promoted with 

vagus nerve stimulation (VNS). Additionally, I will present preliminary findings, for the very 

first time, that show the downstream projection of the sympathetic pathway from the brainstem. 

In sum, the technique presented in this thesis will shed light on the use of MEMRI to study the 

functional results of using clinically-based VNS settings. 

 

  



 

 

1 

1. INTRODUCTION 

 Functional Activation of Parasympathetic System 

The autonomic nervous system (ANS) controls many of the bodily functions that do not 

need to be consciously thought of in order to work. Specifically, there are two components 

within the ANS: the sympathetic and parasympathetic systems. These components of the control 

and regulate the function of many different organs within the body. Some of these functions are 

heart rate, respiration, vocalization, and gastric secretion [1]. Furthermore, within the 

parasympathetic system, the vagus nerve acts as the connection between the brain and specific 

body organs like the lungs, stomach, and intestines. The vagus nerve consists of a mix of about 

20% efferent fibers that transport signals from the brain to the body, and about 80% afferent 

fibers that transport signals from different body organs to the brain for regulation of the ANS.  

 

 

Figure 1. The parasympathetic system.  

 

Researchers have been studying the therapeutic effects of using a method called vagal 

nerve stimulation (VNS) for brain and peripheral diseases like epilepsy and depression [2]. 

Additionally, this method has been studied for its use to combat the effects of inflammatory 

diseases like arthritis, cardiovascular disease, and Alzheimer’s Disease (AD). VNS has FDA 
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approval for limited clinical applications, but is mostly used in preclinical studies. This technique 

uses electrodes implanted around the vagus nerve, typically the left vagus nerve, which then 

sends electrical signals along the nerve and into the brain. VNS can be utilized to activate 

different functional pathways within the brain depending on the specific stimulation parameters 

that are used. Currently, we know that the brain stem plays an important role in integration of 

signals between the CNS and the vagus nerve, but we have incomplete knowledge of how VNS 

modulates the central nervous system (CNS) [2]. Often times when a patient is having their VNS 

parameters programmed, these parameters are changed based on the patients’ reaction to adverse 

effects like throat pain or tingling sensations. Therefore, VNS parameters are primarily 

determined based on trial and error because it has been a challenge to understand how specific 

VNS parameters affect specific brain pathways. One method that has great potential for studying 

the activated, functional pathways of the vagus nerve during stimulation is Manganese Enhanced 

Magnetic Resonance Imaging (MEMRI). This method could be used to give possible answers for 

how different VNS parameters affect the brain.  

 The Basics of Magnetic Resonance Imaging 

Magnetic resonance imaging has long been established as a great in-vivo technique for 

assessing anatomical architecture and functional changes within the body. In order to fully 

appreciate the work and results shown within this thesis, it is important to understand the basics 

of MRI. Here, I will explain them.  

 The human body is mainly comprised of hydrogen nuclei that consist of a single proton, 

which carries a positive electrical charge [3]. Each proton is constantly spinning, which creates a 

current, and a resulting magnetic field. Thus, protons have their own magnetic fields and behave 

like little bar magnets. This can be visualized in Figure 2.   
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Figure 2. Protons are always spinning about their axis and are similar to little bar magnets 

 

All of these small magnetic fields within the body spin randomly. When the body is 

placed within a large, external magnetic field (𝛽0,), the protons within the body are then aligned 

either parallel or antiparallel to the external field. A larger portion of the protons align parallel 

with 𝛽0, which is at a lower energy state than aligning antiparallel. As the strength of 𝛽0 

increases, the number of protons that align parallel also increases. Additionally, these aligned 

protons spin in a specific manner that is called precession. This is often compared to the 

movement of a spinning top. The top of the proton wobbles and forms a cone-like shape [3] as 

shown in Figure 3.   
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Figure 3. Protons precess in a manner that is similar to a spinning top when they are aligned in an 

external magnetic field. 

 

This precession is measured as the Larmor frequency (𝜔0, in MHz) and determines how 

many times the protons precess per second. The Larmor frequency can also be expressed in the 

following equation: 

 𝜔0 = 𝛾𝛽0  ( 1.1 ) 

 

𝛾 is a constant for the gyromagnetic ratio and 𝛽0 is the external magnetic field. Because there are 

a surplus of protons precessing parallel to 𝛽0 compared to antiparallel, they cancel each other out 

in all directions, except for the direction of the aligned magnetic field [3]. This is termed 

longitudinal magnetization.  
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Figure 4. Diagram showing the longitudinal magnetization of protons.  

(A). The opposing protons precessing in the external magnetic field cancel each other out. (B). 

The resulting magnetization is aligned in primarily one direction, along the z-axis. The 

longitudinal magnetization of the protons are drawn as vectors. 

 

Figure 4 illustrates that when an object is placed within the middle of an MRI scanner, 

the sum magnetization acts similar to a magnet that is aligned with 𝛽0. The randomly precessing 

protons cancel each other out, and the resulting magnetization is along the z-axis. Once an object 

is placed within the magnet, radio frequency (RF) pulses at Larmor frequency are turned on an 

off in order to disturb the protons out of alignment with 𝛽0. When the protons are disturbed by 

the RF pulse, one main effect occurs: the protons are aligned in phase with each other at a higher 

energy state. This means that they are now precessing in the same direction simultaneously, 

which is termed transverse magnetization. The transverse magnetization also occurs at Larmor 

frequency. Then, once the RF pulse is switched off, the protons start to fall out of phase with 

each other and relax back to their lower energy state. This relaxation can be measured in two 

different ways: T1 relaxation and T2 relaxation. T1 relaxation is the process of the protons 
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returning to their longitudinal direction, and T2 relaxation is the process of the protons precessing 

out of phase with each other [3]. In order to quantify these processes, T1 is defined as the time 

required for the z-component of the magnetization to reach 63% (1 – 1/e) of its maximum value 

[4], and T2 relaxation is the time required for the transverse magnetization to fall to 

approximately 37% (1/e) of its initial value [5]. This process can be visualized in Figure 5.  

 

 

Figure 5. The effects of an RF pulse on protons. 

(A) Protons are primarily aligned with 𝛽0, resulting in magnetization in one direction. (B) After 

an RF pulse is turned on, the protons are tipped down into the x-y plane, called a 90 flip. (C) 

Once the RF pulse is turned off, the protons start to fall out of phase with each other, which is 

portrayed as multiple vectors. (D) The protons eventually recover from the RF pulse and relax 

back to the z-axis (T1), while also becoming further out of phase with each other (T2) [3].  

 

The magnetization relaxation for each proton is a moving magnetic field. Thus, a 

conductive receiver coil can be placed within proximity to induce an alternating voltage. This 

generates an electrical current, which can be picked up in the form of an MR signal. 

Additionally, different molecules have different relaxation times. Thus, they give off different 
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MR signals, which show up as different levels of intensities within an MR image. This contrast 

between adjacent tissues enables us to differentiate them.  

 When an RF pulse is switched off, T1 and T2 relaxation occur simultaneously and 

independently. The resulting magnetization vector goes in a spiraling path, where its direction 

and magnitude are constantly changing. The MR signal generated from this magnetization vector 

is called free induction decay (FID) [3]. The maximum magnitude occurs immediately after the 

RF pulse is turned off and decreases as both longitudinal and transverse relaxation occur.  

 

 

Figure 6. Free induction decay plot.  

 

By varying the sequence of RF pulses that are applied and collected, different types of 

images are created. Repetition time (TR) is the amount of time between successive RF pulses. 

Echo time (TE) is the time between the delivery of the RF pulse and the peak of the echo signal 

induced in the coil [6]. An image in which the difference in signal intensity between tissues is 

predominantly due to differences in T1 relaxation time is called a T1-weighted image [3]. This is 

produced by using short TE and TR times. Furthermore, T2-weighted images are produced by 
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using longer TE and TR times, and the signal intensity is predominately determined by the T2 

properties. An example of one way to categorize a T1 and T2-weighted image is by looking at the 

cerebral spinal fluid (CSF) within the brain. The CSF is dark in a T1-weighted image, and bright 

in a T1-weighted image.  

  

 

Figure 7. Comparison of a T1 and T2-weighted MR image of the brain. 

The CSF is dark in the T1-weighted image, and bright in the T2-weighted image.  

 

It is important to note that the complete physics of MRI are much more complex than 

what has been explained. Going into further depth and more complex MRI physics is out of the 

scope of this thesis.   

 Tract-Tracing Methodologies 

 Tract-tracing methodologies have contributed a large amount of information to our 

current understanding of neuronal connections and pathways. These traditional techniques 

involve using a detectable tracer that is able to transport along neurons, either retrograde or 

anterograde. Retrograde tract tracers travel towards the soma of a neuron where they accumulate. 

Anterograde tract tracers travel away from the soma along axons toward synaptic terminals [7]. 

Some examples of tract tracing methodologies have used tracers such as biotinylate dextran, 
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horseradish peroxidase, fluorogold, herpes simplex virus, and molecular genetic expression. 

Biotinylate dextran is a novel analogue of biotin, and can act as both a retrograde and 

anterograde tracer [8]. This tracer can be detected with avidin-conjugated marker for light or 

electron microscopy studies to study axon terminals, dendrites, and even dendritic spines. 

Horseradish peroxidase is a protein tracer that has sensitive localization with light and electron 

microscopy. This tracer was used to show that an exogenous protein can transport retrogradely 

within the central nervous system (CNS) [9]. Another retrograde tract tracer is fluorogold. 

Fluorogold is a fluorescent tracer, which has been used to examine the cell origins of afferent 

projections within the brain [10]. A tracer that can act as either an anterograde or both an 

anterograde and retrograde tracer, is Herpes simplex virus (HSV), which has been utilized to 

trace the movement from the retina to subcortical regions [11]. HSV can even cross synapses to 

trace networks of neuronal connections. Molecular genetic techniques can also be used as 

tracers. A genetic approach was developed to visualize the anterograde transport of axons 

expressing a given odorant receptor in mice [12]. 

Although traditional tract tracing techniques have contributed to the discoveries of many 

scientific breakthroughs, they all have a similar disadvantage: they all require the sacrifice of the 

animal. Once the animal is sacrificed, the brain has to be fixed, removed,  sectioned, and stained 

in order to visualize the transport. Additionally, they require the reconstruction of sequential 

sections to get three-dimensional visualization, which is extremely inefficient, time consuming, 

and tedious [7]. These methods are also unable to trace functional pathways that are activated 

through techniques like vagus nerve stimulation. Therefore, an in-vivo approach for tract tracing 

is needed that is able to visualize functional activity.  

 Manganese Enhanced Magnetic Resonance Imaging 

The method that I used to overcome the limitations of traditional tract tracing techniques 

is Manganese Enhanced Magnetic Resonance Imaging (MEMRI). MEMRI is a developing 

technique that uses the unique properties of the manganese (Mn2+) ion. One of its unique 

properties is that Mn2+ is a paramagnetic contrast agent and is able to shorten the T1 and T2 

relaxation times in MRI. This means that Mn2+ accumulation shows up as bright in T1-weighted 

MR images and can be easily visualized [13][14]. Another one of Mn2+’s unique properties is 

that it has a similar biophysical shape to calcium (Ca2+), so it is able to act as a Ca2+ analogue. 
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This means that it can enter excitable cells through voltage-gated Ca2+ channels. Once in excited 

cells, Mn2+ can transport along axons via microtubule-dependent transport, release at the 

synapse, and uptake by adjacent post-synaptic neurons to continue transport along the neuronal 

circuit [15]. Therefore, MEMRI has great potential for studying the activated, functional 

pathways of the vagus nerve during stimulation and can be used to visualize functional activity.  

 Early Investigations Using Manganese 

After manganese (Mn2+) was presented as a possible tracer because of its ability to be 

uptake and transport within neurons, Narita et al. demonstrated that Mn2+ was able to act as a 

Ca2+ analogue. They showed some of the first results of Mn2+ entering neurons via voltage gated 

Ca2+  channels [16]. Additionally, it was demonstrated with autoradiography that after Mn2+was 

applied to the naris of northern pike fish it accumulated in the olfactory bulbs as well as in parts 

of the telencephalon and diencephalon [17]. Multiple studies also demonstrated these results in 

the rat model [18][19] and even  injected Mn2+ into the basal ganglia where it transported to 

other brain regions [20]. When colchicine was administered as an external application, 

transportation of Mn2+ was blocked, which indicated that Mn2+ transport is dependent on 

microtubules. Colchicine is able to bind to tubulins, thereby blocking assembly and 

polymerization of microtubules [21]. Although the main scope of these studies was focused on 

the biodistribution of Mn2+, it was evident that Mn2+ had promise for use as a tract tracer.  

As stated earlier, one of Mn2+’s unique properties is that it is paramagnetic and acts as a 

contrast agent for MR images. Therefore, when Mn2+ accumulates in specific locations, it shows 

up as a positive contrast for 𝑇1-weighted MR images [13][14]. However, when it accumulates at 

high concentrations, there is a signal loss due to extreme 𝑇2 shortening. In one of the early 

applications using Mn2+ as an in-vivo contrast agent for MRI, Cory et al. demonstrated the loss 

in signal from higher concentrations of Mn2+ when investigating its contrast abilities in the rat 

gastrointestinal tract [14]. At a low solution concentration, they showed that the stomach could 

be observed as bright, whereas when the dose was increased by 100x, the stomach was observed 

as dark.  
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Figure 8. Early demonstration of manganese used as a contrast agent. 

(A). A T1-weighted MR image of a rat stomach marked with an ‘s’. The rat received a 1.0mM 

solution of manganese chloride. (B). A T1-weighted MR image of a rat stomach marked with an 

‘s’. The rat received a 100mM solution of manganese chloride. 

 The Beginning of MEMRI For Neuronal Tract Tracing 

Mn2+ was first demonstrated as a neuronal tract tracer for MRI applications in a 1998 

publication by Alan Koretsky and colleagues [7]. Specifically, they showed the feasibility of 

using Mn2+ to trace the murine olfactory and visual pathways. Their technique consisted of 

topically administering MnCl2 to the naris and injecting MnCl2 into the vitreous humor of the 

eye to highlight the specific neuronal sensory pathways of the live mice. They were able to trace 

enhancement from the olfactory epithelium to the heterogeneous enhancement of the olfactory 

bulb, and from the vitreal humor to its optical tract and contralateral superior colliculus. This 

demonstrated the specificity of using Mn2+ to trace different sensory pathways in the brain, and 

showed the potential for using Mn2+ as an in-vivo MRI-detectable tract tracer.  
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Figure 9. T1-weighted MR images demonstrating olfactory pathway enhancement. 

(A). Sagittal slices showing the enhanced olfactory bulb and primary olfactory cortex. (B). Axial 

slices showing the enhancement of the outer layers of the olfactory bulbs, where the olfactory 

glomeruli are located. The enhancement is also in the primary olfactory cortex.  

 

In the work presented in Figure 9, Pautler et al. demonstrated that the injected Mn2+ 

transported anterograde and crossed a synapse in order for the resulting enhancements to have 

occurred. This work demonstrated transport across a synapse because the secondary olfactory 

neurons and the primary olfactory cortex have a synapse between their connection and both sites 

were enhanced [7]. Around the same time, Lin and Koretsky released work that showed Mn2+ 

was able to accumulate in an activity-dependent fashion using glutamate stimulation [22]. 

Activation of the brain with glutamate led to an increase in MRI signal intensity in the brain 

compared to the original signal intensity. This meant that Mn2+ transport was changed based on 

stimulation intervention. Therefore, the groundwork was laid for using Mn2+ to not only trace 

anatomical connections, but also activity-dependent functional connections. Takeda et al. even 

showed results observing that Mn2+ corelease with neurotransmitters [23]. 
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 MEMRI Applications 

Since the foundation of establishing Mn2+ as a neuronal tract tracer, there have a lot of 

interesting applications when using Mn2+. Here, I will dive into the vast history of MEMRI and 

its uses for different studies.  

In 2002, Pautler et al. [24] combined the tract tracing properties of Mn2+ [7] with its 

activity dependence properties [22] to show that aerosolized Mn2+ can selectively accumulate 

within the olfactory bulbs of mice based on various odor stimuli.  

 

 

Figure 10. Activity-dependent MEMRI tract-tracing in response to olfactory activation. 

(A). Control mice 1.5 hours after being exposed to aerosolized Mn2+. (B). Mice 1.5 hours after 

being exposed to aerosolized Mn2+ and amyl acetate. The left column are turbinates and the right 

column is the olfactory bulb. Notice the differences in enhancement pattern based on smell.  

 

Van Der Linden et al. used an injection of Mn2+ into the high vocal center of starlings to 

trace the transportation and functional properties of the vocal-control system. They were even 
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able to compare sex differences [25]. At the same time, Saleem et al. showed transport of Mn2+ 

from the striatum to the pallidum-substantia nigra and then to the thalamus in the monkey, which 

supported evidence of transport across at least one synapse within the CNS [26]. In 2003, 

Allegrini and Wiessner investigated the potential of tracing neuronal projections originating in 

the sensorimotor cortex in healthy and lesioned rat brains [27]. Excitement for MEMRI was 

increasing and two different review articles were released in 2004: one by Silva et al. [28] and 

the other by Pautler [15]. Both of these review articles focused on the three different types of 

applications when using MEMRI: activation-induced MRI (AIM-MRI), neuronal tract tracing, 

and systemic administration of Mn2+.  

1.7.1 Using MEMRI for Toxicity Studies 

One of the downfalls of MEMRI is that it relies on the application of Mn2+, which is a 

toxic contrast agent. Olanow reported that Mn2+ exposure can cause a neurologic syndrome that 

resembles Parkinson’s disease, but that the effects could be differentiated based on the location 

of accumulation [29]. Acute overexposure of Mn2+ had also been long reported, leading to 

adverse effects such as hepatic failure [30] and cardiac toxicity [31]. Because of this toxicity, it is 

imperative to minimize the dose of the Mn2+ used for every study. However, minimizing the 

dose is also a tradeoff, because the effective relaxation rate is directly proportional to the 

concentration of Mn2+ within the localized tissue [28]. Cell labeling for MEMRI with MnCl2 was 

investigated by Aoki et al. in 2006 [32]. Part of their study showed that T1-weighted MRI signal 

intensity could be significantly enhanced when human lymphocytes were submerged in low 

concentrations of MnCl2. The low concentrations did not affect cell viability, but in vitro 

concentrations of greater than 2mM Mn2+ were toxic due to disruption of cells.  

1.7.2 Using MEMRI for Brain Plasticity Studies 

 The potential in using MEMRI to study brain plasticity has been investigated. 

Specifically, Tindemans et al. showed that MEMRI could assess the functional state of specific 

neuronal populations in the song system of living canaries. They demonstrated that song 

stimulation specifically affected the uptake of Mn2+ for specific projection neurons [33]. Then, a 

year later, Van Meir et al. published work showing that testosterone was able to differentially 
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affect specific projection neurons in songbirds [34]. These works showed the abilities of using 

MEMRI to assess slow time scale functional connectivity changes in brain activity and plasticity.  

Paulo de Sousa et al. were able to give more insights into using MEMRI when studying 

brain development. They presented that Mn2+ concentrations were higher in early postnatal rats 

and decreased with brain maturity. Their work also showed no significant differences in T1 value 

amounts of different brain regions in the neonate rats. This was perhaps due to an unformed 

blood brain barrier (BBB) or because the developing brain is a relatively homogeneous structure 

in terms of cellular densities and neuronal activity compared to the adult brain [35].  

1.7.3 Using MEMRI for Single Animal Analyses 

 Single animal analyses were investigated with MEMRI. Simmons et al. introduced work 

showing that MEMRI could be used to map distributions of multiple neuronal circuits in a single 

monkey. They were able to compare between striatal projections from the orbitofrontal cortex 

and the anterior cingulate cortex. Manganese is known to be visible in axonal fibers and synaptic 

terminals, so they used another method of confirmation to differentiate them with higher spatial 

resolution. Their paper presented ideas for using MEMRI alongside functional MRI to 

superimpose connectivity maps onto correlated maps of brain activity patterns [36], all in the 

same animal. 

1.7.4 Using MEMRI for Task Based Studies 

 MEMRI gained interest when being applied for task-based studies as well. Yu et al. 

published a study in Nature Neuroscience demonstrating a method that mapped regions of 

accumulated sound-evoked activity in awake, normal behaving mice [37]. They were able to 

map the tonotopic organization of the mouse IC when being exposed to defined stimuli of 

different sound frequencies. These accumulation maps can be seen in Figure 11. This showed 

that MEMRI was useful for mapping the mouse auditory brainstem and showed the potential for 

a range of functional neuroimaging studies. Additionally, Kuo et al. showed promising results 

when using MEMRI to detect hypothalamic function associated with feeding [38]. Specifically, 

they showed that with a fasting protocol they were able to detect temporal and regional 

differences of Mn2+ enhancement without breaking the BBB. 



 

 

16 

 

Figure 11. MEMRI for task based and longitudinal studies.  

(A). Averaged sagittal and (B). coronal images of the IC after injection of MnCl2 and 24 hours of 

exposure to 20-50 kHz noise (left), after another 24 hours with no defined stimulation (center), 

and after a final injection of a half-dose of MnCl2 and exposure to the 40 kHz pure tone for 24 

hours (right). (C). Coronal maps in color. Note the specific accumulation within the IC 

depending on the stimulation.  

 

1.7.5 Using MEMRI for Disease States 

 Research in using Mn2+ as a tract tracer opened up applications for studying different 

disease states. There was a multitude of studies that applied tract tracing protocols to animal 

models with different disease states like Alzheimer’s disease (AD), stroke, and spinal cord 

injury. For example, Smith et al. used MEMRI to study the axonal transport rates at various 

stages of amyloid-beta deposition and plaque formation in the AD model [39], Van der Zijden et 

al. measured Mn2+ accumulation to observe the patterns of enhancement in the sensorimotor 

cortex of rats with an occluded middle cerebral artery to simulate stroke [40], and Bilgen et al. 
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applied the MEMRI technique to a rat spinal cord injury model and were able to accurately label 

functional neurons [41]. These tract tracing studies also showed validated MEMRI results with 

other tract tracers such as biotinylated dextran amine and wheat-germ agglutinin horseradish 

peroxidase.  

1.7.6 The Specificity of MEMRI  

In 2009 it was not clear as to what level of specificity neuronal connectivity could be 

measured using MEMRI tracing methodologies. Chuang et al. used MEMRI to map the flow of 

neural information from the olfactory sensory neurons (OSNs) to the central layers of the 

olfactory bulb. This work produced functional connectivity maps that are consistent with the 

flow of information from the OSNs to the glomerular and mitral cell layers and had a sensitivity 

at the level of single glomeruli [42]. Additionally, work was published investigating if MEMRI 

could distinguish layer inputs of major pathways of the cortex [43]. This work showed layer 

specific tracings after local injections of MnCl2 and found differences in maximal signal 

enhancement throughout different depths of the cortex specific to neuronal input pathways. One 

of the key contributions of this work showed that it was critical to perform MRI at specific times 

after injection to detect layer specificity. At later time points, tracing of the network let to more 

uniform contrast throughout the cortex due to complex neuronal connections.  

1.7.7 Investigations into the Small Details of MEMRI 

As MEMRI has become more of an investigated technique for applications like neuronal 

tracing, the finer details and specifics about the technique started to be studied and continue to be 

studied. For example, Maassaad and Pautler authored a chapter in the textbook Magnetic 

Resonance Neuroimaging Methods and Protocols  that introduced applications for MEMRI with 

specific step-by-step procedures for experiments [44]. Pautler’s group additionally released 

review articles on the neurophysiological applications of MEMRI [45] and how to use MEMRI 

to further understand the blood oxygenation level-dependent (BOLD) contrast signal in 

functional MRI [46].  

Details such as the confounding effects of nonspecific enhancement are also important. 

Depending on how Mn2+ was administered, Mn2+ can leak into blood vessels or cerebrospinal 

fluid (CSF). This results in circulation of the injection and enhancement of brain regions that are 
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not within the specific pathway. Therefore, it is important to compare time courses of injections 

with intravenous infusions of Mn2+. Chuang et al. showed that the pituitary gland could be used 

as an internal reference for systemic effects because of its early enhancement [47] after infusion. 

This work stated that nonspecific enhancements in MEMRI tract-tracing studies need to be 

carefully taken into account. Very recent work still investigates the specifics of validating Mn2+ 

and its use as a marker for functional imaging. Svehla et al. recently showed results that neuronal 

activity (action potentials and bursts of action potentials) is positively correlated with MEMRI 

signal in single Aplysia buccal ganglia [48], but they were unable to correlate MEMRI signal 

with ongoing synaptic activity leading to Mn2+ influx. This showed that the MEMRI signal 

consisted of mainly fast and high membrane depolarization processes like action potentials. Slow 

and small membrane depolarizations like post-synaptic potentials had little affect towards 

manganese transport.  

 Even the specifics about how manganese transports through different types of calcium 

channels has been investigated recently. It is now known that the L-type calcium channel 1.2 in 

the CNS is an important channel for neuronal manganese influx after systemic injections. 

However, L-type calcium channel 1.3 is not very important [49]. Therefore, the strongest 

accumulation of manganese is observed in projection terminals of regions with a high density of 

Ca 1.2 channels.  

 Creative Ways to Deliver Manganese  

Publications have varied in how Mn2+ has been administered within animal studies for in 

vivo detection. These have varied from direct injections into specific regions of the body, to 

systemic injections. It was demonstrated that there was a dose-dependent and temporal 

dependence of contrast within the brain when delivering Mn2+ systemically to the brain [50]. 

They concluded that the optimal dose of Mn2+ and the time that MRI should be performed after a 

systemic dose should be determined based on the target region of interest’s maximum contrast 

enhancement.  

Some of the most recent works of using MEMRI to study brain function revolved around 

using creative methods for administering Mn2+. In 2014, Koretsky and colleagues released work 

on the cellular responses to the acute phase of traumatic brain injury (TBI). Part of this study 

indicated that the skull bone is permeable to small-molecular-weight compounds [51] and that 
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the concentration of the diffused molecules into the brain was dependent on the size of the 

molecule and the length of the application to the skull. Therefore, this showed that specific 

molecules could be delivered to the brain while leaving the skull intact. This was termed 

transcranial application. Then in 2017, Koretsky and colleagues published further work 

determining the factors that affected transcranial Mn2+ and if Mn2+ applied in this manner could 

be used for neuronal tracing [52]. Specifically, there was a dependence on the location of the 

applied solution to the skull based on where skull bone plates come together (e.g. the Bregma), a 

dependence on the concentration of manganese applied, the effectiveness of manganese delivery 

increased with the addition of calcium, and the manganese traced to the appropriate neuronal 

pathways after administration. This work showed the direction that MEMRI studies are moving 

towards, which is finding creative, less-invasive approaches for brain delivery of contrast agents 

and drugs.  
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Figure 12. Transcranially delivered manganese.  

(A). T1-weighted images of rat brains that were administered 500 mM solution of MnCl2 on the 

Bregma. Images were taken immediately after administration. (B). 24 hours after administration. 

(C). T1-weighted images of rat brains that were administered 250mM solution of MnCl2 and 

250mM solution of CaCl2 on the lambda. Images were taken immediately after administration. 

(D) 24 hours after administration. (E & F). Different slices from the same experiment as C and 

D. The scale bars are 2 mm. 
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 One of the more popular investigated techniques for creative systemic manganese 

delivery has been through the use of subcutaneous osmotic pumps [53] [54] [55] [56]. Because 

of the toxicity when delivering manganese in high doses, these works have studied the effects of 

continuous delivery of low concentrations. Eschenko et al. showed that after a slow infusion over 

7 days, there was an observable contrast within the brain [55]. Additionally, the slow infusion of 

manganese had no effect on the motor behavior in rats during voluntary wheel running. Mok et 

al. investigated the effects using the mini-osmotic pumps in the mouse model. They were able to 

produce results showing no observable toxic effects on animal physiology or behavior at 

significantly higher manganese doses than in previous studies [53]. Brand new work published in 

2018 has continued the investigation of the use of implementing osmotic pumps. Vousden et al. 

used continuous delivery of manganese via osmotic pumps and investigated the time-course of 

signal enhancement and the effect of the continuous delivery on spatial learning and memory 

behavior [57]. They showed that spatial learning and memory based on the Morris Water Maze 

was not altered through MnCl2 delivery. However, at high doses of osmotic infusion the mice 

developed adverse effects of skin ulcerations.  

   I will conclude this section by reiterating the diverse applications and uses that the 

manganese enhanced magnetic resonance imaging (MEMRI) technique can be applied to. This 

method can impact all facets of brain functional studies. In just this past year, MEMRI studies 

have been published in top journals investigating topics such as how microtubule-based axonal 

transport systems decline in Alzheimer’s disease (AD) models [58], how remote sensorimotor 

stroke modifies the activity of hippocampal-thalamic networks [59], and how comprehensive 

developmental differences between male and female brains can contribute to our understanding 

of sex-specific tendencies in neuropsychiatric disorders [60].  

 Objective 

I have described some of the major works in creative and new methods for delivering 

manganese to the brain for neuronal tract tracing studies. It is very important to find non-invasive 

methods that leave the brain intact,  can be applied chronically, and can trace functionally 

activated pathways. Therefore, the main objectives of this thesis are as follows: 1.) use MEMRI 

to trace the projections of the vagus nerve to the brainstem, 2.) use VNS to alter the 

transportation of Mn2+, and 3). Use MEMRI to trace the circuitry past the brainstem.  
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To address the first objective, a development of MRI-compatible rapid prototyping parts was 

conducted, extensive training in aseptic and surgical techniques was mastered, and a carefully 

planned imaging timeline was designed. I will present the design requirements and prototype 

iterations for improving image quality setup, show the results of improved image quality, reflect 

on the surgical techniques required for the experimental protocol, and discuss the importance of 

finding the correct image times for collecting data. To address the second objective, multiple 

sites of injections were investigated, along with the intervention method of VNS. I will show 

statistically significant, group-level maps of how VNS was able to alter the transport of Mn2+. To 

address the third objective, possible second-order enhanced brain regions will be shown with an 

explored experimental validation. Additionally, consideration for future novel studies will be 

discussed and reflected on. 

The overall potential of this work could lead to one day understanding how specific VNS 

parameters can activate specific functional pathways. For example, imagine using VNS 

parameters ‘X’ and observing Mn2+ from site A to B to C. Then, if the VNS parameters were 

changed to parameters ‘Y’, it might be possible to trace Mn2+ from site A to B to D. This 

potential could one day help give insight into the dependence of functionally activated brain 

pathways on VNS parameters.  
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2. METHODS AND DESIGN 

 Introduction 

MEMRI experimental design includes lots of different factors to take into consideration. 

The concentration of Mn2+ must be optimized to minimize the adverse behavior effects and 

maximize region of interest tissue contrast. Additionally, one must maximize the resolution and 

plan out the necessary sequences for image collection. The researcher must also have an in-depth 

background with animal and surgical techniques to minimize experimental variability within 

groups and between groups. Within this chapter I will review the necessary steps for successful 

completion and repeatability of the vagal nerve tracing to the brain.  

 Experimental Design of Hardware 

Imaging the nodose ganglion of the cervical vagus nerve and the brain stem of the rat can 

be challenging. A properly monitored, anesthetized rat has deep respiratory breaths throughout 

its torso that create movement along the neck and near the brain stem region. Because of the 

relatively long time it takes to sample an MR image, these breaths can create motion artifacts 

near the brainstem and other caudal regions. Furthermore, these motion artifacts can blur and 

distort features of the brain, which can lead to diagnosis mistakes. Therefore, one of the most 

important aspects of collecting high quality MR images for this application is minimizing motion 

artifacts. Typically, motion artifacts are minimized through the use of MRI compatible restraints 

or sequence addons such as respiratory gating. A gold standard device that has been used to 

minimize motion is the rat stereotaxic holder for benchtop brain studies. This device uses three 

points of contact with a rodent’s head in order to minimize motion during brain surgeries and 

electrode recordings. The stereotaxic rodent head holder is not MRI compatible, so I used many 

of its components for inspiration when designing a custom device. Here, I will outline the 

experimental goals, requirements, design procedure, and prototype iterations when designing the 

custom head holder used for data collection.  
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2.2.1 Hardware Design Requirements 

The design requirements for the different subcomponents of the assembly are shown in 

Tables 1-4. The subcomponents are listed as the head holder, the nose cone, the bite bar, and the 

ear bar. Each table shows the specific descriptions of the requirements, along with the priority 

level for design. Five is the highest priority and one is the lowest priority. Some examples of 

high priority design requirements that were used for the assembly include MRI compatibility, 

having specific dimensions to ensure the assembly pieces fit together and do not vibrate, and 

making sure the subcomponents are durable. A couple examples of low priority design 

requirements were making sure the head holder was visually aesthetic and having easy assembly. 

These low priority requirements were given low priority scores because they did not relate 

directly to improving image quality or aid in rodent comfort.  

 

Table 1. Design requirements of the head holder. 

Req. 

Number 

Description Priority (1-5) Subcomponent 

1 Able to connect to the body holder 4 Head Holder 

2 Supports rodents of various sizes (100g – 800g) 5 Head Holder 

3 Allows for easy assembly with the nose cone, bite 

bar, and ear bars 

3 Head Holder 

5 Correct design dimensions to fit the ear bars 5 Head Holder 

6 Correct design dimensions to fit the bite bar 5 Head Holder 

7 Aesthetic visual design  2 Head Holder 

8 MRI compatible 5 Head Holder 

9 Able to be machined to include threading for 

thumb screws and plastic pins for the surface coil  

5 Head Holder 

 

Table 2. Design requirements of the nose cone. 

Req. 

Number 

Description  Priority (1-5) Subcomponent 

1 Allows for easy assembly with the head holder 3 Nose Cone 

2 Correct design dimensions to fit the bite bar 5 Nose Cone 

3 Correct design dimensions for the anesthetic 

tubing 

5 Nose Cone 

4 MRI compatible 5 Nose Cone 
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Table 3. Design requirements of the bite bar. 

Req. 

Number 

Description  Priority (1-5) Subcomponent 

1 Correct design dimensions to fit through the head 

holder and bite bar, simultaneously 

5 Bite Bar 

2 Strong enough to keep the head of the rodent 

stable during anesthetization, no bending 

5 Bite Bar 

3 Correct design dimensions for a range of sizes of 

rodent teeth to fit through the hole 

4 Bite Bar 

4 MRI compatible 5 Bite Bar 

 

Table 4. Design requirements of the ear bars. 

Req. 

Number 

Description  Priority (1-5) Subcomponent 

1 Correct design dimensions to fit through the head 

holder  

5 Ear Bar 

2 Strong enough to keep the head of the rodent 

stable during anesthetization, no bending 

5 Ear Bar 

3 Correct design dimensions for a range of sizes of 

rodent heads 

4 Ear Bar 

4 Dull enough to ensure that the rodent is not in pain 

during fixation 

5 Ear Bar 

5 MRI compatible 5 Ear Bar 

 

2.2.2 Design and Prototype Iterations 

The 3D design was completed in the design software Autodesk Inventor 2015. All of the 

different subcomponents were designed as .ipt files, dimensioned out and annotated specifically 

into .idw files, and then were submitted for rapid prototyping as .stl files. Figure 13 shows the 

annotated and dimensioned out drawing files of the head holder and nose cone, respectively.  

The head holder was the main subcomponent of the assembly. This was the piece that 

attaches to the current, MRI, cantilever system and body holder. It was the main structural piece 

and needed to be able to fit snug with all parts. The nose cone was where the nose of the rat fit 

into in order to continuously deliver anesthetic. This piece had three different hole openings: an 

input hole for the anesthetic tubing, an output hole for the anesthetic tubing, and a hole that the 

bite bar fit through. The ear bar and bite bar were smaller parts that were used to minimize 

motion of the skull. Simply put, one ear bar went into each ear of the rat, and the bite bar 
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supported the teeth of the rat. This fixated the skull at three points of contact in order to optimize 

MR image quality.  

After the head holder and the nose cone were rapid prototyped, they were post-processed 

within a machine shop. Both of these parts were printed with ABS M30 material. This material 

allowed for easy post-processing and was MRI compatible. The post-processing included small 

sanding to the bottom and sides of the nose cone in order to ensure that it fit perfectly into the 

head holder. Additionally, the head holder holes were threaded with taps. The threading allowed 

for specific thumb screws to screw into the holder, which was necessary for surface coil 

attachment and fastening. Specifically, 16 of the holes that ran along the upper surface were 

threaded with size M3 by 0.5, and 9 of the holes were threaded with size M4 by 0.7.  

 

Figure 13. Annotated drawing layouts for the design process of the holder assembly.  

(A). This was the full view representation of the animal holder design. (B). This was the full 

view representation of the nose cone design. Note that all dimensions are in millimeters (mm).  

 

The bite bar and ear bars were machine shopped from cylindrical rod stock made from 

PEEK. These are shown in Figure 14 below. PEEK is an MRI compatible material that has 

excellent tensile strength (14,000 psi), which is often used as a lightweight substitute for metal 

parts in high-temperature, high-stress applications. It also resists chemicals, wear, and moisture. 

As can be seen in the figure demonstrating the designs, the initial bite bars that were made from 
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ABS M30 material were not durable enough and resulted in breaks. The far-left prototype design 

had a completely broken end. Therefore, the PEEK material proved to be great for multiple uses. 

The skinnier PEEK bite bar (third from the left) was the final design. 

The fully manufactured and assembly design is shown below in Figure 15. The entire 

head holder assembly fastened into the white body holder, which was then cantilevered into the 

bore of the magnet during an MRI session. As can be seen, the bite bar aligned through the back 

of the head holder and the nose cone. Additionally, the back of the head holder had a thumb 

screw that could be used to tighten the position of the bite bar. The anesthetic tube connections 

were not shown. The ear bars could also be seen on both sides of the head holder. Panel C of 

Figure 15 showed what the setup looked like when the volume coil was attached to the assembly.  

 

 

Figure 14. Bite bar iterations and ear bars used within the MEMRI experiment.  

(A). The iterations for the bite bars are shown here. The design on the far left was manufactured 

with rapid prototyping from ABS M30 material. The design second to the left was made from a 

transparent plastic rod and used a rapid prototyped end made from ABS M30. The two designs 

on the right were manufactured within a machine shop from PEEK rod material. (B). The ear 



 

 

28 

bars are specifically the end pieces that are shown screwed into the transparent, plastic handles. 

The ear bars were manufactured within a machine shop from PEEK rod material. 

 

 

  

 

Figure 15. Full assembly view of all the attached design subcomponents.  

(A). Full assembly front view of the animal restraint design. Note that the white structure is the 

body holder, which was not designed in-house. (B). Full assembly isometric view of the animal 

restraint design. (C). Full assembly isometric view of the animal restraint design that 

demonstrated how the surface coil attached onto the body holder. Specifically, the surface coil 

fits over the two, tan, plastic pins that were screwed into the top of the holder. These pins can be 

seen in panels A and B.  

 

 After the full holder design was engineered, the assembly design was used for functional 

MRI (fMRI) experiments. Part of post-processing for fMRI experiments, was a motion 

correction technique that quantified the amount of head displacement in the superior, left, and 

posterior directions. Figure 16 and 17 the results of the motion trace for the head displacement. 

Specifically, Figure 16 shows results of fMRI experiments that used a commercial head holder, 

and Figure 17 shows results of fMRI experiments that used the new, custom head holder. As can 

be seen, the commercial body holder had increased displacement over time in the superior 

direction, whereas the custom holder minimized all motion.  
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Figure 16. Motion trace of the old head displacement.  

Three different fMRI experiments completed in 2016 using a commercial head holder. Notice the 

increased displacement in the superior direction over time.  
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Figure 17. Motion trace of the new head displacement. 

 Three different fMRI experiments completed in 2018 using the custom head holder. Notice the 

motion displacement was minimized in all directions.    

 Rodent Handling and Surgical Technique 

The results that will be demonstrated throughout this thesis rely heavily on proper 

knowledge and training related to experimental rodent procedures and surgeries. It is vital that 

the correct training has been completed before attempting such experiments. This is to ensure 

that the rat model subjects are monitored correctly and do not experience any adverse effects 

related to the study. All protocol details were approved by Purdue’s Animal Care and Use 

Committee (PACUC).  

2.3.1 Rodent Training 

Here, I will list the specific trainings that I completed prior to any rodent handling or 

research collection. The on-line training procedure modules that were completed before working 

with rodent models were as follows: animal biosafety, working with Institutional Animal Care 
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and Use Committee (IACUC), principal investigators and Institutional Biosafety Committee 

(IBC) members, working with mice, and working with rats. 

The in-person, rodent training procedures that were completed prior to experimental data 

collection include the following: basic handling/restraint and gender determination, basic 

injections, tail vein injections, euthanasia, basic necropsy, cardiac blood collection, cervical 

dislocation, basic suturing and wound closure, oral gavage, and aseptic techniques. 

2.3.2 Surgical and MRI Protocol Specifics 

 All rats were weighed and anesthetized under 5% isoflurane (500 mL/min) for five 

minutes. Anesthetization was maintained throughout MR scanning at a determined 

anesthetization level (500mL/min, 1%-3% anesthesia level) depending on the rats’ monitored 

physiological vitals. Specifically, respiratory rate (40-60 bpm) and temperature (37C) were 

monitored and controlled during imaging. The rats were placed prone in a custom rat holder that 

was designed as previously described. The rats’ noses were positioned in a nose cone. Motion 

was minimized through the use of the custom manufactured bite bar and ear bars. A surface coil 

was placed on top of the head and fastened down before the animal was scanned in a 7T small-

animal MRI system (BioSpec 70/30, Bruker). A 2D, T2 Turbo RARE sequences with no gaps 

was used to obtain T2-weighted brainstem images. Also, a 3D, T1 RARE sequences with no gaps 

was used to obtain T1-weighted brainstem images. These sequences were prescribed the same. 

After this baseline imaging session, the rats were moved to a nearby surgical station and 

underwent surgery.  

Before the surgery, the surgical area was cleaned with iodine to reduce bacterial 

contamination, and the rats were given an injection of carprofen to reduce pain and inflammatory 

effects. The rats were laid supine and were cut open along their neck in order to visualize the left 

or right carotid artery. From there, the specific side of the cervical vagus nerve ran parallel to the 

carotid artery, and the nodose ganglion could be located. After the nodose ganglion was located, 

the rats were microinjected with 1.0μl of 500mM MnCl2 and were implanted with a biphasic 

electrode. The microinjection used a Nanofil 10μl sub-microliter injection system (World 

Precision Instruments, Sarasota, FL) with a beveled 35g needle. The MnCl2 solution was mixed 

with a blue dye, which makes it easy to visually determine if the injection was successful. The 

first group (n=5) was injected in the left nodose ganglion and was stimulated along the left 
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cervical vagus nerve for four hours with electrical pulses from previous preclinical studies. The 

second group (n=9) was injected in the left nodose ganglion, implanted along the left cervical 

vagus nerve, but was not stimulated. The third group (n=5) was injected in the right nodose 

ganglion, implanted along the right cervical vagus nerve, and was also not stimulated. It was 

important to note that even if the rodent was not receiving vagus nerve stimulation, all rats were 

implanted with the electrode in order to ensure that similar nerve manipulation was experienced 

by all rats. The first group was allowed to recover from surgery after the stimulation period, 

whereas the other two groups began their recovery after their injections. All rodents were sutured 

up with discontinuous sutures along the entire opening to ensure that the opening was not able be 

tampered with. Furthermore, all three groups of rats were imaged at the same post-injection 

times to accurately compare Mn2+ transport.  

 

 

Figure 18. Surgical injection of MnCl2 into the specific nodose ganglion.  

(A). These panels demonstrated the before and after photos of an injection into the right nodose 

ganglion. Before injection, the nodose ganglion is the white bulb in the left image. After 

injection, the blue MnCl2 solution was clearly visible inside of the right nodose ganglion. (B). 

This shows a drawing of a rat laying supine during surgery. The rat is opened in order to implant 

a biphasic electrode and complete a microinjection. (C). These images demonstrated the before 

and after photos of an injection into the left nodose ganglion. Again, before injection, the nodose 

ganglion is a white bulb. After injection, the blue MnCl2 solution was clearly visible inside of the 

left nodose.  

 Stimulation Parameters 

The group that received VNS was stimulated for four hours with electrical pulses from 

previous preclinical studies. The parameters are as follows: biphasic square pulses with inter-
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pulse duration (IPD) = 50ms; pulse amplitude (PA) = 1mA; pulse width (PW) = 0.5ms; 

frequency = 5Hz; 20 seconds on and 40 seconds off. 

 Experimental Timeline 

Planning out a detailed timeline for imaging throughout manganese tracing is important. 

One of the benefits of MEMRI is that the rat is able to act in an awake, and freely behaving 

environment. Therefore, the brain activity of the rodent was continually reflected in the 

transportation of the manganese, which can be sampled at specific times. Additionally, it is 

important to take into consideration the effect that anesthetics have on the transport of 

manganese.  

 First, it was important to determine the feasibility of tracing 500mM MnCl2 to the NTS 

region of the brainstem, which is the first known anatomical site within the vagal nerve 

projection. For this feasibility check I completed the previously described surgical protocol. The 

specific injection site was the left nodose ganglion, and the rats did not receive VNS. At 24 hours 

post-injection, the rats (n=3) were sacrificed and imaged again in order to observe where the 

manganese had accumulated and transported to. It is important to note that a control group (n=3) 

was also investigated, which consisted of injections of gadolinium into the nodose ganglion 

instead of MnCl2. Gadolinium (Gd) is another paramagnetic contrast agent. However, it is not a 

calcium analogue. Therefore, it is theoretically not able to enter excitable cells by transport 

through calcium channels,  and unable to transport along axons into the brain. By comparing the 

MnCl2 injected results with the Gd injected results, I was able to answer the following question: 

Is Mn2+ transport from the nodose ganglion to the brain stem feasible and neuronal? 

 Next, I wanted to investigate if there were specific, second-order regions of the brain that 

the manganese transported to. Therefore, I conducted post-injection imaging at more post-

injection times, and over a longer period of time. Specifically, I imaged a group of rats (n=3) at 

baseline, 12 hours post-injection, 24 hours post-injection, and 48 hours post-injection. This 

would allow me to determine the peak accumulation time of manganese within the NTS, and any 

repeatable second-order transport brain regions.  

Finally, I planned out specific experimental groups. As stated in the experimental 

protocol, the groups are as follows: 
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• The first group (n=5) was injected with 1.0μl of 500mM MnCl2 in the left nodose 

ganglion and was stimulated along the left cervical vagus nerve for four hours with 

electrical pulses. 

• The second group (n=9) was injected with 1.0μl of 500mM MnCl2 in the left nodose 

ganglion, implanted with the electrode along the left cervical vagus nerve, but not 

stimulated. 

• The third group (n=5) was injected with 1.0μl of 500mM MnCl2 in the right nodose 

ganglion, implanted along the right cervical vagus nerve, and was also not stimulated.  

The Figure 19 below shows the specific experimental timelines for the three different 

experimental groups. All of the rats in these three groups were imaged at baseline, 12 hours post-

injection, and 24 hours post-injection. By comparing these experimental groups I was able to 

answer three experimental questions: 

1. Are Mn2+ enhancement patters dependent on the injection site? (MnCl2 left nodose 

injected results vs. MnCl2 right injected results) 

2. Dose VNS promote the transport of Mn2+? (MnCl2 left nodose injected results vs. MnCl2 

left injected results with VNS) 

3. Does VNS change the brain region of Mn2+ accumulation? (MnCl2 left nodose injected 

results vs. MnCl2 left injected results with VNS) 

 

 



 

 

35 

 

Figure 19. Paradigm for the three different experimental rodent groups. 

(A). The timeline for the first experimental group. The site of injection was the left nodose 

ganglion, and the subjects underwent vagus nerve stimulation immediately after injection. (B). 

The timeline for the second experimental group. The site of injection was the left nodose 

ganglion, but the subjects in this group did not undergo VNS. (C). The timeline for the third 

experimental group. The site of injection was the right nodose ganglion, and the subjects in this 

group did not undergo VNS.  

 MRI Sequences 

The MRI sequences that were used for this thesis consisted of the following: a one slice 

localizer, a multi-slice localizer to determine region of interest, a 2D T2 Turbo RARE sequence, 

and a 3D T1 RARE sequence. Specifically, the 2D, T2 Turbo RARE sequence had no gaps and 

was used to obtain T2-weighted brainstem images (TR/TE = 6637.715/32.50ms; FA = 90; 

matrix size = 192 x 192; FOV = 32 x 32mm; slice thickness = 0.438mm; slices = 64; averages = 

2). The 3D, T1 RARE sequence also had no gaps and was used to obtain T1-weighted brainstem 

images (TR/TE = 300/10ms; FA = 90; matrix size = 192 x 192 x 64; FOV = 32 x 32mm x 

28mm; four averages). The T2-weighted sequence was prescribed by locating the anterior and 
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posterior commissures from the multi-slice localizer, and the T1-weighted sequence was then 

prescribed at the same location and geometry.  

 Anatomical MRI Features 

The images that were acquired for this protocol were T2-weighted and T1-weighted. The 

following figure shows sample T2-weighted images and T1-weighted images that were collected 

during a baseline scan. It is important to understand where specific landmarks are within these 

images because they were expected sites of enhancement during post-injection scans. These 

landmarks were all part of the vagus nerve projection to the solitary tract nucleus (NTS). The 

landmarks that are shown were chosen from Paxinos and Watson’s rat brain atlas [61]. 

Specifically, the anatomy was referenced between regions of Bregma -14.40 mm and Bregman -

13.92 mm. The full names of the anatomical landmark abbreviations can be referenced within the 

index of anatomical abbreviations.  
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Figure 20. Demonstration of T1-weighted and T2-weighted images showing the different 

anatomical landmarks of the NTS within the brainstem. 

(A). This row of brainstem images were the T1-weighted MR images at baseline of a sample 

rodent. The left most image was the most caudal, and as the images progressed towards the right, 

the location was further rostral. (B). This row of brainstem images were the corresponding T2-

weighted MR images at baseline of the same rodent. The images progressed from caudal to 

rostral, from left to right. Additionally, anatomical regions of the NTS were manually drawn on 

the slices and labeled according to Paxinos and Watson’s The Rat Brain in Stereotaxis 

Coordinates Seventh Edition.  

 MRI Analysis  

MRI data was pre-processed using FSL [62] and AFNI [63] to visualize the statistically 

significant enhancement at a group-level.  To do this, all MRI images were reoriented  using 

MATLAB and the 3dresample function from AFNI in order to change their axis order. The 

template was resampled to the same dimensions as the T2-weighted anatomical images, and then 

the T2-weighted images were linearly registered to the MNI brain template using FLIRT and the 

finesearch option. Specifically, FLIRT performs affine registration, which is generated by a 

calculated affine transformation from an input and reference volume. The T1-weighted brain 

images were then preprocessed. First, the T1-weighted images had their axis reordered using 

AFNI. Next, the T2-weighted images were resampled to the same resolution as the T1-weighted 
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images, which was also completed using AFNI. The T1-weighted images were then linearly 

registered to the T2-weighted images using FLIRT and the finesearch option. Next, the template 

was resampled to the same resolution as the T1-weighted images, and the resampled T2-weighted 

images were linearly aligned to the template. Finally, the T1-weighted images were warped to the 

MNI space using FLIRT based on the linear relationship between the T2-weighted data and 

template data. The brain was also extracted within the MNI space from the rest of the head and 

saved as a new volume for analysis.  

All images were normalized by the average signal intensity within the brain for each slice. 

For post-injection images, this assumed that the number of brain voxels enhanced by the 

manganese in each slice was specific, and that there was minimal leakage from the injection. 

Therefore, the enhancement caused by manganese would not significantly alter the normalization 

of the signal intensity. This normalization was completed to account for the effects of B1 

inhomogeneity.  

Finally, the post-injection normalized signal intensity increases were calculated and 

quantified relative to the pre-injection images using a custom MATLAB script. In order to 

calculate the differences, the normalized signal intensity in each baseline brain voxel was 

subtracted from the normalized signal intensity in the linearly aligned post-injection voxel, and 

then that difference was divided by the normalized signal intensity from the baseline voxel. This 

is equal to the percent change in T1-weighted normalized signal intensity and was used to 

generate percent signal enhancement maps. Next, statistics were calculated in order to determine 

the significant areas of enhancement. For each rat, a one-tailed (right) paired t-test was calculated 

for every voxel at a confidence level of 98% (alpha = 0.02). The one-tailed, paired t-test 

compared the normalized signal intensity at baseline and the different post-injection times to 

determine if there was a significant increase in normalized signal intensity. The statistically 

significant voxels could then be mapped at a group-level, which were expressed as the percent 

increase in the T1-weighted normalized signal intensity. This statistical analysis approach was 

completed for each experimental group.  

The programs 3D Slicer and FSLView were used to for 3D visualizations.  
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 Timms Silver Sulphide Protocol 

Immediately after post-injection MR imaging, rats (n=6) were moved to Dr. Terry 

Powley’s lab for the beginning of the Timms Sulphide Silver staining procedure. This staining 

method is used to visualize metals in the brain like manganese. Specifically, two rats were 

transported after 24 hours post-injection imaging, two rats were transported after 12 hours post-

injection imaging, and two rats were transported as controls, which had not undergone injections. 

 All rats were given an overdose IP injection of Ketamine/Xylazine, and then were 

perfused through their heart with 1x PBS at 25 ml/min for 10 min (total volume = 250ml). Next, 

the perfusion was switched to sulfide perfusate and perfused for 20 min (total volume = 500ml). 

The brains were removed and placed into sulfide perfusate solution for 40 min on a shaker table. 

The brains were rinsed with deionized water and transferred to 10% neutral buffered formalin 

overnight on a shaker table in a refrigerator. On day 2 of the protocol, the brains were transferred 

to glutaraldehyde solution for 1.5 hours on a shaker table, and then returned to 10% neutral 

buffered formalin for 24 hours on a shaker table in a refrigerator. On day 3 of the protocol, the 

brains were transferred to 70% EtOH for 4 hours minimum. The brains were allowed to remain 

in 70% EtOH for multiple days if needed. They were then transferred for histology and paraffin 

embedding. On day 4, a small scoop of gelatin and a small amount of chromium potassium 

sulfate was added to the water bath and allowed to dissolve. The water bath was heated to 45 

degrees Celsius. The medulla was sectioned at 10μm and mounted on positively charged slides, 

which were dried in an oven overnight at 60 degrees Celsius. On day 5, staining jars and 

cylinders were prepared by being washed with nitric acid. Deparaffinized slides were washed in 

xylene 3 times for 3 minutes each, 2 times for 3 minutes each in 100% EtOH, 2 times for 3 

minutes each in 95% EtOH, 1 time for 3 minutes in 70% EtOH, and 2 times for 3 minutes each 

in distilled H2O. The slides were placed in nitric acid washed coplin jars. The coplin jars had lids 

in order to minimize light penetration. Additionally, plastic forceps were used when transferring 

slides for this stain. The sections were stained in preheated Timms solution at 26 degrees Celsius 

for 30 minutes in the dark and then placed on a shaker table during staining. After, they were 

transferred to 60 degrees Celsius Timms stain solution for 10 min in the dark and placed in a 

circulating water bath set to 60 degrees Celsius. The stained slides were rinsed in two changes of 

water for 3 minutes each and then ran through 1 min in 70% EtOH, 2 washes of 1 min in 95% 
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EtOH, 2 washes for 2 min in 100% EtOH, and 3 washes for 4 min in xylene. The slides were 

finally covered with Cytoseal. The solutions were created as described here: 

• Sulfide Perfusate: 2.9g  Sodium sulfide nonahydrate, 3.0g  Sodium phosphate monobasic, 

and 250ml  ultrapure H2O 

• Glutaraldehyde Post-fix: 10ml  25% Glutaraldehyde, 24g  Dextrose, and 70ml  ultrapure 

H2O 

• Timms Stain Solution: mix 120ml Gum Arabic with 20ml Citrate buffer and 60ml 

Hydroquinone, heat to 26 degrees Celsius, and 1ml of 1M Silver nitrate 

• Gum Arabic: 500g  gum Arabic, 1000ml dissolved for 3-4 days, and then aliquoted into 

50ml tubes and frozen at -20 degrees Celsius 

• Citrate Buffer: 5.1g  Citric acid and 4.7g  Sodium citrate to 20ml ultrapure water 

• Hydroquinone Developer: 3.4g  hydroquinone to 60ml  ultrapure H2O 

 Microscopy Image Acquisition and Analysis 

The images were acquired using a Leica DMRE microscope, with a “SPOT Imaging” 

camera and software system. All images were shot using a 10x objective lens. Additionally, 

Photoshop was used to adjust the contrast and brightness. The scale bars were applied by 

referencing a photo containing a ruler photographed at 10x. The scale bars were 250μm. Some of 

the images were also rotate and cropped to ensure consistent presentation of the region of 

interest.  
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3. NEURONAL TRACT TRACING PATTERNS 

 Outline of Investigation 

I will present data that investigated the feasibility of manganese transport from the 

periphery into the central nervous system. This will include comparison of MnCl2 injected results 

to Gd injected (control) results in order to verify feasibility. Additionally, I will show data that 

explores second-order transport by increasing the time between injection and the final post-

injection imaging session. Finally, I will show sample single subject data for the different 

experimental groups, group-level data for the different groups, and compare the results on a 

group level. In MEMRI studies it is important to show both single subject and group-level data 

to confirm visual enhancement and accumulation of manganese. This helped demonstrate an 

optimized concentration of manganese for clear tissue contrast.   

 Early Investigation of Manganese Transport 

The beginning of this investigation was started by exploring post-injection results of 

manganese injected rats. The figures in this section show the brainstem slices of the rat at 

baseline (pre-injection) and at 24 hours post-injection after an injection of 1.0μl of 500mM 

MnCl2 into the left nodose ganglion. As can be seen, enhancement of the left nodose ganglion is 

labeled with a green arrow, enhancement of the vagus fiber tract is labeled with a red arrow, 

enhancement of the left NTS is shown with a yellow arrow, and enhancement of the right NTS is 

pointed to with an orange arrow. The orange arrow pointed out a particularly exciting site of 

enhancement because the right NTS is contralateral to the left nodose ganglion. This means the 

manganese was injected into the left nodose ganglion, transported along the vagus nerve into the 

brain stem, accumulated within the left NTS, and was postsynaptically taken up by the right 

NTS. This is clear evidence that the manganese was able to transport across a synapse. This 

subject was sacrificed before the 24 hours post-injection MR imaging in order to minimize all 

motion and allow for clear observation of all enhancement. Because the rat was sacrificed, I was 

not able to image at later times to observe possible further transport of the manganese. The rest 

of the brain slices were also visually inspected for enhancement, but enhancement in other brain 

regions was not observed.  
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 The results also supported the use of the relatively large dose of manganese in this study. 

Specifically, the dose of  manganese was not toxic enough to notice stress, or abnormal visual 

appearances like porphyrin around the eyes and nose, or piloerection [64]. Piloerection is a 

symptom of stress, shown as a rough coat of fur. Additionally, the results proved that the 

manganese dose was high enough to observe clear tissue contrast within the site of injection, 

along the fiber tract, and within the first site of accumulation. This was observed visually.  

 

 

Figure 21. Single subject comparison of baseline and 24 hours post-injection manganese 

transport. 

(A). This row of brainstem images were the T1-weighted MR images at baseline. The left most 

image was the most caudal, and as the images progressed towards the right, the location was 

further rostral. (B). This row of brainstem images consisted of the T1-weighted MR images at 24 

hours post-injection of 1.0μl of 500mM MnCl2 into the left nodose ganglion. The images were 

manually matched to the baseline images and also progressed from caudal to rostral, from left to 

right. Notice the positive enhancement within the nodose ganglion (green arrow), along the fiber 

tract (red arrow), large enhancement in the left NTS (yellow arrow), and small enhancement in 

the right NTS (orange arrow).  

 



 

 

43 

Although it was observed that the manganese was able to transport along the vagus nerve 

and transport across a synapse, the experiment needed a control in order to verify the results. 

Thus, I decided to inject the contrast agent gadolinium into the left nodose ganglion in order to 

see if gadolinium enhanced the left NTS region like manganese. Initially, I tried a 1.0μl low dose 

injection of gadolinium, which was similar to preclinical studies. However, the dose did not 

produce enough tissue contrast for this application, so I investigated using a 500mM dose. The 

Figure 22 below shows results for one of the control rats at 24 hours post-injection. This rat was 

sacrificed before injection in order to ensure that comparison to the manganese results was as 

exact as possible.  

 

 

Figure 22. Single subject comparison of baseline and 24 hours post-injection gadolinium 

accumulation. 

(A). This row of brainstem images were the T1-weighted MR images at baseline. The left most 

image was the most caudal, and as the images progress towards the right, the location moved 

more rostral. (B). This row of brainstem images consisted of the T1-weighted MR images at 24 

hours post-injection of 1.0μl of 500mM gadolinium into the left nodose ganglion. The images 

were manually matched to the baseline images and also progress from caudal to rostral, from left 

to right. Notice the positive enhancement within the nodose ganglion (green arrow), but nowhere 

else.  

 



 

 

44 

After comparing the Mn2+ injected rats to the Gd injected rats, it is clear that the 

manganese transport from along the vagus nerve to the brain stem was verified. The control rats 

showed clear enhancement within the injection site, which was supposed to occur, but no 

enhancement elsewhere. Therefore, the gadolinium was unable to transport along the nerve and 

did not act like manganese, a calcium analogue. 

 Investigation of Second-order Manganese Transport 

The previous rats had been sacrificed at 24 hours post-injection, so it was unknown if the 

manganese enhancement had peaked within the NTS, or if the manganese could transport to 

further, second-order areas within the brain. Therefore, I designed another experiment in order to 

optimize the post-injection imaging times. I had hypothesized that after 24 hours post-injection 

the manganese would accumulate more bilaterally within the NTS region, or that the manganese 

would transport further to other specific regions within the midbrain.  

 The figure below shows the results of this experiment. The rat received an injection of 

1.0μl of 500mM MnCl2 into the left nodose ganglion and was imaged at post-injection times of 

12 hours, 24 hours, and 48 hours. By adding the 12 hours post-injection imaging session, I could 

observe if enhancement within the left NTS peaked before the 24 hours post-injection time. 

Furthermore, by adding the 48 hours post-injection time, I could observe if enhancement within 

the left NTS peaked after the 24 hours post-injection time, and if manganese could travel to 

second-order brain areas.  As can be seen in Figure 24, the 12 hours post-injection time showed a 

visually stronger enhancement within the left NTS than the 24 hours post-injection time. 

Additionally, when visually comparing the 24 hours data to the 48 hours data, it was clear that 

there was less enhancement within the NTS area at 48 hours. Furthermore, there was one rat that 

showed accumulation of Mn2+ in more rostral slices of the brain, but this result was not 

repeatable. This possible second-order enhancement can be seen in Figure 23. Overall, no other 

second-order brain areas in the midbrain or forebrain showed a clear, visual enhancement.  

I concluded that peak manganese enhancement within the NTS occurred near the 12 

hours mark, which demonstrated fast axonal transport, and that after 24 hours, there was not 

significant transport of manganese from the injection site to the ipsilateral NTS. Therefore, 

imaging at 48 hours post-injection was not helpful. In order to find areas of possible second-

order enhancement, I needed to move onto a more robust group-level analysis.  
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Figure 23. Single subject comparison of possible second-order enhancement.  

(A). This row of brainstem images were the T1-weighted MR images at baseline. The left most 

image was the most caudal, and as the images progress towards the right, the location moved 

more rostral. (B). This row of brainstem images consisted of the T1-weighted MR images at 24 

hours post-injection of 1.0μl of 500mM MnCl2 into the left nodose ganglion. Notice the 

enhancement of the PLV, MVPO, CAT, and VLL brain region. This is approximately located at 

Interaural 0.24 mm, Bregma -8.76. Abbreviations: PLV=perilemniscal nu, ventral part; 

MVPO=medioventral periolivary nu; CAT=nu of the central acoustic tract; VLL=ventral nu of 

lateral lemniscus.



 

 

46 

Figure 24. Single subject comparison of baseline, 12 hours post-injection, 24 hours post-

injection, and 48 hours post-injection manganese transport. 

(A). This row of brainstem images were the T1-weighted MR images at baseline. The left most 

image was the most caudal, and as the images progress towards the right, the location moved 

more rostral. (B). This row of brainstem images consisted of the T1-weighted MR images at 12 

hours post-injection of 1.0μl of 500mM MnCl2 into the left nodose ganglion. (C). This row of 

brainstem images consisted of the T1-weighted MR images at 24 hours post-injection of 1.0μl of 

500mM MnCl2 into the left nodose ganglion. (D). This row of brainstem images consisted of the 

T1-weighted MR images at 48 hours post-injection of 1.0μl of 500mM MnCl2 into the left 

nodose ganglion. Note: all of these images were manually matched to the baseline images and 

progress from caudal to rostral, from left to right across the row. Notice the positive 

enhancement within the left nodose ganglion (green arrow), along the fiber tract (red arrow), 

large enhancement in the left NTS (yellow arrow), and small enhancement in the right NTS 

(orange arrow). 
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 Comparison Between Experimental Groups 

When I compared pre-injection images of the rat brain with the corresponding post-

injection images, it was apparent that manganese was transported from the side-specific injection 

site to the ipsilateral NTS. The first group showed an increase in the normalized signal intensity 

in the left NTS at 12 hours post-injection (42.64%, p<0.02). The second group also showed an 

increase in the normalized signal intensity in the left NTS at 12 hours post-injection, but at a 

lesser magnitude (23.82%, p<0.02). The third group resulted in an observed enhancement in the 

right NTS at 12 hours post-injection at a similar magnitude to the second group’s respective 

enhancement (24.72%, p<0.02). Additionally, at a group-level, I observed smaller enhancement 

within the contralateral NTS to the injection site, proving that there was a cross-synaptic 

transport of Mn2+. 

3.4.1 Group 1 – Single Subject Sample 

The following is a single subject example from experimental group 1. This is the group 

that was injected into the left nodose ganglion and received VNS for a period of four hours. The 

Figure 25 shows the T1-weighted MR images at baseline, 12 hours post-injection, and 24 hours 

post-injection.  
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Figure 25. Single subject comparison of baseline, 12 hours post-injection, and 24 hours post-

injection manganese transport for group 1. 

(A). This row of brainstem images were the T1-weighted MR images at baseline. The left most 

image was the most caudal, and as the images progress towards the right, the location moved 

more rostral. (B). This row of brainstem images consisted of the T1-weighted MR images at 12 

hours post-injection of 1.0μl of 500mM MnCl2 into the left nodose ganglion. (C). This row of 

brainstem images consisted of the T1-weighted MR images at 24 hours post-injection of 1.0μl of 

500mM MnCl2 into the left nodose ganglion. Note: all of these images were manually matched 

to the baseline images and progress from caudal to rostral, from left to right across the row. 

Notice the positive enhancement within the left nodose ganglion (green arrow), along the fiber 

tract (red arrow), large enhancement in the left NTS (yellow arrow), and small enhancement in 

the right NTS (orange arrow). 
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3.4.2 Group 2 – Single Subject Sample 

The following is a single subject example from experimental group 2. This is the group 

that was injected into the left nodose ganglion, but did not receive VNS. The Figure 26 shows 

the T1-weighted MR images at baseline, 12 hours post-injection, and 24 hours post-injection. It is 

difficult to visually see if there is a difference in accumulation between this single subject and 

the single subject from experimental group 1. Therefore, an analysis was used to quantify 

differences on a group-level. 
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Figure 26. Single subject comparison of baseline, 12 hours post-injection, and 24 hours post-

injection manganese transport for group 2. 

(A). This row of brainstem images were the T1-weighted MR images at baseline. The left most 

image was the most caudal, and as the images progress towards the right, the location moved 

more rostral. (B). This row of brainstem images consisted of the T1-weighted MR images at 12 

hours post-injection of 1.0μl of 500mM MnCl2 into the left nodose ganglion. (C). This row of 

brainstem images consisted of the T1-weighted MR images at 24 hours post-injection of 1.0μl of 

500mM MnCl2 into the left nodose ganglion. Note: all of these images were manually matched 

to the baseline images and progress from caudal to rostral, from left to right across the row. 

Notice the positive enhancement within the left nodose ganglion (green arrow), along the fiber 

tract (red arrow), large enhancement in the left NTS (yellow arrow), and small enhancement in 

the right NTS (orange arrow). 
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3.4.3 Group 3 – Single Subject Sample 

The following is a single subject example from experimental group 3. This is the group 

that was injected into the right nodose ganglion and did not undergo VNS. The Figure 27 shows 

the T1-weighted MR images at baseline, 12 hours post-injection, and 24 hours post-injection.  
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Figure 27. Single subject comparison of baseline, 12 hours post-injection, and 24 hours post-

injection manganese transport for group 3. 

(A). This row of brainstem images were the T1-weighted MR images at baseline. The left most 

image was the most caudal, and as the images progress towards the right, the location moved 

more rostral. (B). This row of brainstem images consisted of the T1-weighted MR images at 12 

hours post-injection of 1.0μl of 500mM MnCl2 into the right nodose ganglion. (C). This row of 

brainstem images consisted of the T1-weighted MR images at 24 hours post-injection of 1.0μl of 

500mM MnCl2 into the right nodose ganglion. Note: all of these images were manually matched 

to the baseline images and progress from caudal to rostral, from left to right across the row. 

Notice the positive enhancement within the right nodose ganglion (blue arrow), along the fiber 

tract (red arrow), large enhancement in the right NTS (orange arrow), and minimal enhancement 

in the left NTS (yellow arrow). 
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3.4.4 Injection Site Specific Enhancement Patterns in the NTS 

The following Figure 28 and 29 show the results comparing the brainstem enhancement 

patterns between group 2 and group 3 at the peak enhancement time, 12 hours post-injection. 

The top row showed an enhancement within its ipsilateral left NTS (23.82%, p<0.02). The 

bottom row showed an enhancement within its ipsilateral right NTS (24.72%, p<0.02). Notice 

the strongest accumulation occurs on the same side of injection.  

 

Figure 28. Group-level map demonstrating the injection site specific enhancement patterns in the 

NTS.  

The top row consisted of a group-level enhancement map in the NTS for group 2 at 12 hours 

post-injection. The bottom row consisted of a group-level enhancement map in the NTS for 

group 3 at 12 hours post-injection. All enhanced voxels are significant at a p<0.02. 
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Figure 29. Graph showing the quantified enhancement patterns in the ipsilateral NTS between 

groups 2 and 3 at 12 hours post-injection.  

 

3.4.5 Stimulation Increases Enhancement in the NTS 

The following Figure 30 and 31 show the results comparing the brainstem enhancement 

patterns between group 2 and group 1 at the peak enhancement time, 12 hours post-injection. 

The top row showed an enhancement within its ipsilateral left NTS (23.82%, p<0.02). The 

bottom row showed an enhancement within its ipsilateral left NTS (42.64%, p<0.02). Therefore, 

group-level analysis confirmed that VNS promoted the transport of manganese.  
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Figure 30. Group-level map demonstrating the enhancement changes from VNS. 

The top row consisted of a group-level enhancement map in the NTS for group 2 at 12 hours 

post-injection. The bottom row consisted of a group-level enhancement map in the NTS for 

group 1 at 12 hours post-injection. All enhanced voxels are significant at a p<0.02. 

 

 

Figure 31. Graph showing the quantified enhancement patterns in the ipsilateral NTS between 

groups 2 and 1 at 12 hours post-injection. 
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3.4.6 Enhancement in the NTS Peaks at 12 Hours Post-injection 

The Figure 32 and 33 show the results comparing the brainstem enhancement patterns for 

group 2 at different imaging times of 12 hours post-injection and 24 hours post-injection. The top 

row showed an ipsilateral enhancement within the left NTS (23.82%, p<0.02). The bottom row 

showed a similar level of ipsilateral enhancement within the left NTS (21.91%, p<0.02). Notice 

the accumulation decreased after the 12 hours post-injection time.   

The Figure 34 and 35 show the results comparing the brainstem enhancement patterns for 

group 1 at different imaging times of 12 hours post-injection and 24 hours post-injection. The top 

row showed an ipsilateral enhancement within its left NTS (42.64%, p<0.02). The bottom row 

showed a similar level of ipsilateral enhancement within its left NTS (39.98%, p<0.02). Again, 

notice the accumulation decreased the 12 hours post-injection time.  

These results showed that Mn2+ transport was fast, axonal transport. 

 

 

Figure 32. Group-level map demonstrating the enhancement changes between 12 hours and 24 

hours for experimental group 2. 

The top row consisted of a group-level enhancement map in the NTS for group 2 at 12 hours 

post-injection. The bottom row consisted of a group-level enhancement map in the NTS for 

group 2 at 24 hours post-injection. All enhanced voxels are significant at a p<0.02. 
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Figure 33. Graph showing the quantified enhancement patterns in the ipsilateral NTS between 

the 12 hours and 24 hours post-injection times for group 2. 
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Figure 34. Group-level map demonstrating the enhancement changes between 12 hours and 24 

hours for experimental group 1. 

The top row consisted of a group-level enhancement map in the NTS for group 1 at 12 hours 

post-injection. The bottom row consisted of a group-level enhancement map in the NTS for 

group 1 at 24 hours post-injection. All enhanced voxels are significant at a p<0.02. 
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Figure 35. Graph showing the quantified enhancement patterns in the ipsilateral NTS between 

the 12 hours and 24 hours post-injection times for group 1. 

 Histological Validation  

A method for validating the manganese accumulation within the brainstem was 

investigated. The method that was investigated was the Timms Sulphide Silver Stain. This stain 

is used to visualize heavy metals within the brain and other tissues. As can be seen in the Figure 

36, there are a large number of stained cells for the control rats, the least amount of stained cells 

for the rats sacrificed at 12 hours post-injection, and a medium amount of stained cells for the 

rats sacrificed at 24 hours post-injection. 
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Figure 36. Coronal brain sections after completion of the Timms Sulphide Silver staining. 

This montage shows the of heavy metals within the NTS region. Each panel is a slice from a 

different rat. Results from a total of six rats are shown (A). Stained sections from control rats that 

were not injected. (B). Stained sections from rats that were injected with 1.0μl of 500mM MnCl2 

into the left nodose ganglion. Rats were perfused at 12 hours post-injection. (C). Stained sections 

from rats that were injected with 1.0μl of 500mM MnCl2 into the left nodose ganglion. Rats were 

perfused at 24 hours post-injection. 
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 Downstream Projection of the Sympathetic Pathway 

During these experiments, the rats showed a dot of enhancement running caudally from 

the brain stem. This dot of enhancement is shown by the red arrow in the T1-weighted MR 

images from a sample rat at 12 hours post-injection. This is the first time that the spinal nerve 

tract has been presented with MEMRI. It is important to note that the 3D view of the brain makes 

it look like the afferent projection of the vagus nerve is connected with the spinal tract. However, 

this is not the case.  

 

 

Figure 37. Retrograde spinal pathway enhancement. 

The T1-weighted MR images of a rat subject at 12 hours post-injection are shown along with the 

3D constructed brain. In the MR images, the red arrow is pointing to a bright dot, which is the 

enhanced spinal nerve pathway. The yellow arrow is pointing to enhancement within the 

ipsilateral NTS. In the 3D constructed brain, the enhancement of the injection site, vagal fiber 

tract running up to the brainstem, the downward projection of the spinal nerve tract, and the left 

NTS are shown in red.  
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4. TAKEAWAYS AND CONCLUDING REMARKS 

 Overall Takeaways 

After seeing all of the experimental design and results, there are multiple points to 

understand from this work. I was able to optimize the hardware design used for the experimental 

setup, master the microinjection surgical technique, optimize post-injection imaging times, 

observe group-level specific enhancement patterns within the brainstem, explore histological 

validation, and show enhancement of the spinal nerve tract.  

4.1.1 Takeaways: Experimental Design 

I was able to optimize image quality for regions of interest within the brainstem. The 

brainstem is subject to more motion that other parts of the brain, like the cortex, because it is 

closer to the neck, which moves when the animal breathes. By incorporating design requirements 

and constraints into a carefully planned, and iterative design approach, I was able to design a 

modified restraint system that minimized motion better than commercially sold holders. This 

hardware design incorporated 3D printed parts that were able to account for rats of a large range 

of sizes. Additionally, I manufactured a bite bar and ears bars out of PEEK material, which had 

an extremely high tensile strength to negate any bending. As can be seen in the MR images 

shown throughout this thesis, there were no motion artifacts, even at the most caudal portions of 

the brainstem and along the spine.  

 One of the more challenging, hands-on, aspects of this study was having to learn the 

surgery procedure and micro-injection. This required lots of practice, steady hands, and tons of 

learning in order to understand when the injections were successful. The ability to have mastered 

the micro-injection procedure was particularly great for minimizing adverse effects to the rats. 

Additionally, I was able to confirm my micro-injection approach and results with an experienced 

research technician who had completed thousands of nodose ganglion injections. The imaging 

timeline was also optimized, which allowed me to limit the amount of MRI sessions and 

determine when the manganese enhancement peaked in the brainstem.  
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4.1.2 Takeaways: Enhancement Patterns 

I originally hypothesized that the transport of Mn2+ would lead to a higher level of 

enhancement as time progressed after injection. Additionally, I hypothesized that after a group-

level analysis, it would be possible to pinpoint specific areas outside of the brainstem that were 

sites of Mn2+ accumulation. However, from the group-level analysis, it is clear that the 

accumulation of Mn2+ within the NTS region did not increase after 12 hours post-injection. 

Additionally, there were no specific regions of enhancement in other areas of the brain. There are 

a few possibilities as to why this might have occurred.  

First, the Mn2+ that had accumulated within the NTS at 12 hours post-injection could 

have progressively diffused out of the NTS region to nearby brain tissue. This would have 

resulted in a less localized accumulation of Mn2+ and more of a widespread enhancement within 

that region. Therefore, there might not have been enough Mn2+ for continued observable 

transport along the pathway because it was diffusing out.  

Second, the Mn2+ that had accumulated within the ipsilateral NTS at 12 hours post-

injection might not have been taken up within the contralateral NTS very efficiently. Thus, only 

a small amount of manganese was able to transport across the synapse. This would explain the 

reason why there was not a large amount of accumulation within the contralateral NTS. This 

would also explain why there were no other specific areas of enhancement within the midbrain. 

There simply isn’t enough Mn2+ that is transporting from the ipsilateral NTS across the synapse 

to the contralateral NTS.  

 Third, the Mn2+ concentration is either too high, or too low. The Mn2+ concentration was 

assessed based off contrast to the ipsilateral NTS and by adverse behavioral and visual effects of 

the rats. However, it might be important to explore a multitude of different concentrations. For 

example, if the concentration of Mn2+ was too high, then the cells within the nodose ganglion or 

in the nerve tract might be going necrotic. If these cells are dying, then it would be impossible 

for the Mn2+ to continually transport. Additionally, if the concentration was too low, then the 

tissue concentration might be too low after the Mn2+ has transported past the ipsilateral NTS. 

This would make it impossible to observe further transport.  
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4.1.3 Takeaways: Histological Validation 

I explored using the Timms Sulphide Silver stain to observe cells within the brainstem 

and other areas of the brain that accumulated Mn2+. This stain uses the histochemical 

transformation of metals to metal sulphides to visualize metals at the cellular level. I had 

hypothesized that the group-level MRI data that corresponded to the largest enhancement within 

the ipsilateral NTS region would also correspond to the sections with the greatest number of 

stained cells. This was not the case. In fact, the opposite relationship occurred. The control rats 

showed a high level of stained cells within the bilateral NTS, the 12 hours post-injection rats had 

the smallest number of stained cells, and the 24 hours post-injection rats showed a medium 

number of stained cells. This means that the number of cells being visualized by the stain was 

suppressed, and then increased with post-injection time.  

A possible explanation for how this occurred has to do with the specificity and sensitivity 

of the Timms stain to Mn2+. The Timms Silver Sulphide stain can visualize a variety of metals 

within the brain and is not specific to any one metal. Some of these metals are Zn, Cu, Fe, Co, 

and Ni. I believe that the stain was more sensitive to other metals within the NTS region of the 

brain and was primarily detecting trace metals that were not Mn2+. Therefore, when the Mn2+ 

accumulation peaked at 12 hours post-injection, the other trace metals within the NTS region 

were suppressed. Furthermore, the control sections showed a high visualization of metals 

because there was no Mn2+ presence to take the place of the other metals.  

4.1.4 Takeaways: Tracing the Spinal Nerve 

Tracing the downstream projection of the sympathetic pathway from the brainstem was 

possible because of the reduced motion during this study. The enhanced spinal nerve may be 

proof of in vivo anterograde and retrograde transportation of the manganese. The T1-weighted 

MR images of the sample rat subject show that Mn2+ anterogradely transported from the left 

nodose ganglion, along the vagus fiber tract, to the NTS region, up taken by the spinal tract, and 

then retrogradely transported along the spinal nerve caudally. The enhancement shown is most 

likely not a vagus nerve branch because of how far caudal the enhancement can be traced.  This 

is the first time that MEMRI enhancement of the spinal nerve is being shown in the rodent 

model.  
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 Future Work 

Future work for this study would continue to focus on exploring secondary sites of 

enhancement after transport to the NTS region. For this to occur, a specific set of experiments 

would need to be planned out to first fully optimize the Mn2+ injection concentration. This could 

be done by injecting high levels of concentrations (e.g. 125mM, 250mM, 500mM, 750mM, 1M) 

into different rats, imaging the rats over 2-3 days, and also implementing a behavioral test to 

determine if the rats are experiencing adverse effects. The behavioral test could be recording 

maze navigation times to food targets and then comparing to see if the times significantly 

increased after injections.  

Another set of tests that would help optimize the injection concentration could relate to 

implementing histology and assays. It would also be interesting to investigate the status of the 

cells within the site of injection, the vagus nerve, and within the brain stem. This could be done 

by completing a thionin staining, which would reveal areas of complete cell loss. Additionally, 

one could also assay the enhanced brain regions in order to determine the concentration of Mn2+ 

in the tissue extracts, which could help compare to the neurotoxic concentrations.  

Assuming that the manganese concentration can be fully optimized for this application, it 

would also be interesting to implement two more sets of experiments. One set of experiments 

could involve investigating different clinically used VNS parameters. For example, it would be 

interesting to see if VNS for epilepsy resulted in a different enhancement pattern than VNS for 

depression. The other experiment would be to figure out a way to chronically implant a slow 

release mechanism into the nodose ganglion. This would allow for very large doses of Mn2+ to 

be given to the animal, but the slow release would ideally result in farther transport and 

minimized adverse effects.  

 Conclusion 

In conclusion, I have shown that the use of MEMRI to quantify the Mn2+ transport along 

peripheral nerves to the brainstem is feasible, specific, neuronal, and activity-dependent. I 

developed a robust, non-invasive, contrast-enhanced experimental MRI approach to trace 

neuronal connections in-vivo over time. The potential of this method can lead to understanding 

how different therapeutic VNS parameters map and activate specific neuronal pathways.  
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