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CHAPTER 1 - INTRODUCTION 

Cardiovascular disease (CVD), made up of a number of interrelated disorders, is 

the world-wide leading cause of death among adults (Mendis, et al., 2011).  According 

to the World Health Organization, CVD makes up nearly one third of all deaths from any 

cause, and nearly one half of all deaths not caused by communicable diseases (Mendis, 

et al., 2014).  In the United States, projections from the American Heart Association 

estimate that 17% of all healthcare costs are spent treating CVD, and the total annual 

cost of CVD in the United States is expected to be approximately $700 billion by 2020, 

and nearly $1.1 trillion by 2030 (Heidenreich, et al., 2013).  Interestingly, a sedentary 

lifestyle, or lack of sufficient physical activity, has been implicated as a major, 

preventable, risk factor for developing a number of disorders which fall under the 

category of CVD (Thom, et al., 2006).  Conversely, increased levels of physical activity 

have been associated with a reduced probability of developing CVD, and have been 

associated with a reduction in mortality in people who suffer from CVD (Myers, et al., 

2002;Luo, et al., 2017). 

One key factor linking a sedentary lifestyle to an increased likelihood of 

developing CVD (Figure 1) is an increased level of sympathetic nerve activity (SNA) 

(Malpas, 2010;Mueller, 2010).  The sympathetic nervous system, commonly referred to 

as being responsible for the “fight or flight” reaction, is tonically active and is constantly 

modifying levels of SNA from heart beat to heart beat, to maintain homeostasis, or to 

change levels of sympathetic tone to meet physiological demands (Dampney, et al., 

1987;Dean, et al., 1992;Lovick and Hilton, 1985;Lovick, 1987). Multiple animal models 

have demonstrated associations between risk factors for CVD and increases in SNA. 

For instance, rats fed high fat or high salt diets are known to have increased SNA 
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compared to rats fed normal diets (Iwashita, et al., 2002;Muntzel, et al., 2012;Morgan, 

et al., 1995).  Furthermore, Obese Zucker rats have been shown to exhibit increased 

splanchnic SNA (SSNA) and a blunted ability to reduce it, compared to their lean 

counterparts, when challenged with increases in arterial pressure (Huber and 

Schreihofer, 2010;Huber and Schreihofer, 2011).  Similarly, rats exposed to chronic 

intermittent hypoxia, a model frequently used to simulate obstructive sleep apnea in 

humans, have been shown to have enhanced increases in SSNA following stimuli such 

as electrical stimulation of the sciatic nerve, acute hypoxia, and activation of the 

chemoreflex compared to control rats (Silva and Schreihofer, 2011).  These are just a 

Figure 1. Diagram illustrating the role of the RVLM in the relationships between SNA
and sedentary versus physically active conditions. Sedentary conditions can result in
neuroplastic changes in the RVLM, leading to increases in SNA. (From Mueller 2010) 
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few examples from a much larger body of literature which demonstrate a clear link 

between risk factors for CVD and increases in SNA. 

The major regulator of SNA is a region of the brainstem known as the rostral 

ventrolateral medulla (RVLM) (Ross, et al., 1984b; Guyenet, 2006; Schreihofer and 

Guyenet, 2002).  The RVLM, in rats, has been traditionally defined as an approximately 

1 mm long region of the brainstem, extending caudally from the caudal pole of the facial 

motor nucleus, and found ventral to the nucleus ambiguus, lateral to the pyramids, and 

medial to the spinal trigeminal tract, though more recent studies have demonstrated that 

the RVLM extends several hundred micrometers rostral to the caudal pole of the facial 

nucleus (Llewellyn-Smith and Mueller, 2013; Ruggiero, et al., 1989; Schreihofer and 

Guyenet, 2000b).  The rostral portion of the RVLM, extending approximately 500µm 

caudal from the caudal pole of the facial nucleus, has been of special interest to groups 

studying control of SNA (Figure 2).  This region of the medulla has been shown to 

Figure 2. Diagram illustrating the role of the RVLM in integrating physiological signals to
generate sympathetic tone. The RVLM receives and integrates excitatory and inhibitory
inputs and stimulate SPNs via glutamatergic monosynaptic connections. A5, noradrenergic cell
group A5; CPA, caudal pressor area; Lat. hyp., lateral hypothalamus; LTF, lateral tegmental
field; NTS, nucleus tractus solitarius; PVH, paraventricular nucleus of the hypothalamus;
RVMM, rostral ventromedial medulla; GABA, gamma-aminobutyric acid. (Modified from
Guyenet 2006) 
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contain two main types of bulbospinal, spinally-projecting, neurons, Phenylethanolamine 

N-methyltransferase (PNMT)-positive C1 neurons and PNMT-negative non-C1 neurons.  

These neurons are frequently referred to as “presympathetic” because they regulate 

SNA via axons that project into the intermediolateral column of the spinal cord (IML) and 

directly activate sympathetic preganglionic neurons via monosynaptic connections 

(Oshima, et al., 2006; Schreihofer and Guyenet, 2002; McAllen, et al., 1994).  The 

neurons of the RVLM receive both excitatory and inhibitory inputs from regions of the 

brain involved in control of the autonomic nervous system, such as the paraventricular 

nucleus of the hypothalamus (PVH), nucleus tractus solitarius (NTS), and the caudal  

ventrolateral medulla (CVLM) (Guyenet, 2006).  There is also evidence that the activity 

of neurons within the RVLM can be modulated by direct and indirect input from higher 

centers in the forebrain, such as the amygdala and the medial prefrontal cortex (Owens, 

et al., 1999; Cassell and Gray, 1989).  Finally, the RVLM is known to respond to 

changes in concentrations of solutes and neurohormonal factors present in 

cerebrospinal fluid, such as glucose, leptin, vasopressin, and angiotensin II (Dampney, 

et al., 2002; Verberne and Sartor, 2010; Ito, et al., 2003; Barnes and McDougal, 2014; 

Kc, et al., 2010).  Clearly, the RVLM serves to integrate signals from a wide variety of 

sources in order to regulate sympathetic tone.  

One of the major roles of the RVLM is that of modifying blood pressure via 

control of SSNA.  RVLM neurons are tonically active and maintain splanchnic 

sympathetic tone in part by activation of sympathetic preganglionic neurons (SPNs) via 

release of glutamate in the IML at the T9-T10 level of the spinal cord (Oshima, et al., 

2006; Schreihofer and Guyenet, 2002).  The terminals of these SPNs release 

acetylcholine onto the dendrites of postganglionic vasomotor neurons.  In turn, 
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splanchnic sympathetic postganglionic vasomotor neurons release norepinephrine to 

maintain contraction of the smooth muscle surrounding splanchnic blood vessels.  This 

increase in venous smooth muscle tone serves to divert blood out of the splanchnic 

reservoir and into the systemic circulation.  In dogs, the splanchnic reservoir has been 

shown to contain up to half of total blood volume, enabling a large amount of blood to 

be redistributed into arteries when necessary (Delorme, et al., 1951).  The result of this 

redistribution of splanchnic venous blood, caused by activation of RVLM neurons, is an 

increase in arterial pressure. 

When arterial pressure is high, neurons in the baroreceptors located in the aortic 

arch and the carotid sinus sense the stretching of the arterial wall, and release 

glutamate from their terminals in the NTS (Schreihofer and Guyenet, 2002).  This 

release of glutamate within the NTS activates glutamatergic, or glutamate-releasing, 

neurons that project from the NTS to the CVLM (Zhang and Mifflin, 1997).  These NTS 

neurons then increase activity of neurons in the CVLM which produce the inhibitory 

neurotransmitter γ–amino butyric acid (GABA) (Schreihofer and Guyenet, 2003).  These 

GABA-releasing (GABAergic) CVLM neurons project to, and release GABA into the 

RVLM (Agarwal and Calaresu, 1991; Li, et al., 1991).  The effect of this GABA is to 

decrease the excitability of RVLM neurons, causing a decrease in the frequency of, or a 

cessation of, action potentials, ultimately resulting in a decrease in sympathetic tone 

and arterial pressure (Li, et al., 1991).  Because RVLM neurons are tonically active 

despite being under GABA-dependent inhibition, SNA and arterial pressure can be 

increased or decreased as needed via increases or decreases in RVLM neuronal 

activity, as a result of decreases or increases in GABA release within the RVLM, 

respectively (Dampney, et al., 1988; Cravo and Morrison, 1993).  
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Recent research has shown that, much like sympathetic nerve activity itself, the 

RVLM demonstrates functional and morphological changes as a result of exposure to 

different conditions (Mischel and Mueller, 2011;Mischel, et al., 2014; Subramanian and 

Mueller, 2016).  For example, our laboratory has previously demonstrated that in a rat 

model, rats exposed to sedentary conditions exhibit a greater level of SSNA than is 

seen in physically active rats when challenged with decreases in arterial pressure 

(Mischel and Mueller, 2011).  This effect was observed following intravenous infusion of 

the nitric oxide donor, sodium nitroprusside, presumably due to differences in RVLM 

sensitivity to excitatory stimuli.  More directly supporting the idea that levels of physical 

activity alter the function of the RVLM, our laboratory has also shown that microinjection 

of the excitatory amino acid glutamate directly into the RVLM causes a greater increase 

in SSNA in sedentary versus physically active rats (Mischel and Mueller, 2011).  Our 

laboratory has also reported that in presympathetic RVLM neurons, expression of the 

gene coding for the GluR3 subunit of the excitatory AMPA-type glutamate receptor is 

inversely correlated with running distance (Subramanian, et al., 2014).  The correlation 

between decreased physical activity and increases in GluR3 mRNA expression 

suggests a potential mechanism for increased excitability of RVLM neurons, and for the 

enhanced SSNA observed in sedentary versus physically active rats following 

microinjection of glutamate into the RVLM.  This indicates that increased physical 

activity may contribute to decreased sensitivity to excitatory stimuli via regulation of 

glutamate receptors.  Finally, while other studies have demonstrated that the dendritic 

structure of neurons is associated with levels of physical activity in some areas of the 

brain involved in cardiorespiratory function (Nelson, et al., 2005; Nelson, et al., 2010), 

our group has demonstrated that similar changes also occur within the RVLM.  More 
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specifically, our group has reported that rats that have been exposed to sedentary 

conditions exhibit greater dendritic arborization and greater dendritic length among the 

C1 subtype of presympathetic neurons than are seen in physically active rats (Mischel, 

et al., 2014).  Taken together, these data suggest that differences in levels of physical 

activity can lead to morphological and functional differences in presympathetic neurons 

within the RVLM (Mischel, et al., 2015).  These condition-dependent differences in 

RVLM sensitivity may then result in different levels of SSNA following a 

sympathoexcitatory challenge.  As increases in SNA result in increases in arterial 

pressure, these studies suggest a potential link between sedentary conditions and 

chronically elevated blood pressure, a risk factor for CVD in humans (Grassi, et al., 

1994; Laterza, et al., 2007; Fisher, et al., 2009). 

While it has been shown that sedentary versus physically active conditions can 

result in different levels of SSNA following unloading of the baroreceptor or 

microinjection of excitatory amino acids directly into the RVLM (Mischel and Mueller, 

2011; Mischel, et al., 2014), evidence of the mechanism responsible for these 

differences between groups has been elusive.  In essence, the questions to be 

answered are whether the reported changes in SSNA are associated with functional 

and structural neuroplasticity among RVLM neurons, and do these potential 

neuroplastic changes result in different baroreflex characteristics, e.g., increased activity 

at rest or during sympathoexcitation, or decreased inhibition during periods of elevated 

arterial pressure, following chronic exposure to chronic sedentary versus physically 

active conditions? 

While there are no studies directly comparing the effects of chronic sedentary 

versus physically active conditions on the activity or baroreflex characteristics of 
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individual presympathetic RVLM neurons, some studies have looked at the effects of 

variables related to the acute response to exercise and CVD.  For instance, Kajekar et 

al. demonstrated that post-exercise hypotension is associated with an acute decrease in 

activity among RVLM neurons lasting at least10 hours (Kajekar, et al., 2002).  It is 

unclear how the inhibitory effects of acute physical activity on RVLM neurons could 

relate to models examining the effects of long-term physical activity.  However, the most 

logical hypothesis would be that chronic exposure to acute bouts of physical activity 

would result in neuroplastic changes that cause chronic inhibition of RVLM neurons, 

making them less active than comparable neurons in chronically sedentary rats.  

In contrast to the acute effects of physical activity and chronic effects of diet, 

other groups studying models relating to CVD that are known to cause changes in SNA 

baroreflex responses have reported finding no effect on baseline or maximum activity of 

presympathetic RVLM neurons.  For instance, Pedrino et al. reported no significant 

differences between resting or maximal firing rates of presympathetic RVLM neurons in 

angiotensin-II salt hypertensive rats versus normotensive controls (Pedrino, et al., 

2013).  Similarly, How and colleagues did not observe differences in maximal firing 

rates of presympathetic RVLM neurons between obesity prone and obesity resistant 

rats following 13-15 weeks of being fed a high-fat diet (How, et al., 2014).  However, 

they did report that the neurons were significantly less inhibited by increases in arterial 

pressure in obesity prone versus obesity resistant animals, suggesting the potential for 

inappropriately high level of sympathetic tone, a risk factor for CVD (Paton, et al., 2005). 

Taken together, these studies suggest that lifestyle and dietary conditions may 

have the potential to result in both acute and long-term neuroplastic changes in the 

function of RVLM neurons, such as increases in sensitivity to excitation or decreases in 
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sensitivity to inhibition.  The question then is whether the previously mentioned effects 

of sedentary conditions on SSNA (i.e., increased resting activity and enhanced 

responses to sympathoexcitatory stimuli) are consistent with corresponding changes in 

neurons located within the RVLM.  The studies presented in this dissertation 

investigated the extent to which sedentary versus physically active conditions affect the 

tonic activity and baroreflex regulation of individual neurons within the RVLM, and the 

general level of neuronal activity within the RVLM as a whole.  The overall hypothesis of 

this research is that sedentary conditions enhance the activity of presympathetic RVLM 

neurons and increase their sensitivity to changes in arterial pressure. 

Specific Aim 1: Examine functional and structural mechanisms by which 

bulbospinal RVLM neurons contribute to enhanced sympathoexcitation in sedentary 

versus physically active rats 

Hypothesis 1.1: Single unit recordings of presympathetic RVLM neurons in vivo 

will reveal a higher basal activity and greater responsivity to sympathoexcitatory stimuli 

in sedentary rats. 

Hypothesis 1.2: Dendritic arborization will positively correlate with activity and 

excitability of presympathetic RVLM neurons that have been juxtacellularly labeled in 

vivo. 

Specific Aim 2: Evaluate neuronal activity within the RVLM of sedentary and 

physically active rats using manganese enhanced magnetic resonance imaging 

(MEMRI) 

Hypothesis: MEMRI will reveal greater neuronal activity in the RVLM of 

sedentary versus physically active rats and that this effect will develop over the course 

of 12 weeks.   
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CHAPTER 2 - EXAMINATION OF FUNCTIONAL AND STRUCTURAL MECHANISMS 
BY WHICH BULBOSPINAL RVLM NEURONS CONTRIBUTE TO ENHANCED 

SYMPATHOEXCITATION IN SEDENTARY VERSUS PHYSICALLY ACTIVE RATS 

Introduction 

Cardiovascular disease (CVD) is the leading cause of preventable death among 

adults in the United States of America (Thom, et al., 2006; Heidenreich, et al., 2013), 

and the leading cause of all death around the world (Mendis, et al., 2014).  A growing 

body of research has shown that a sedentary lifestyle contributes to the development 

and progression of CVD (Krieger, et al., 2001; Zucker, et al., 2004; Booth, et al., 2007).  

While studies have examined how physical inactivity contributes to individual risk factors 

of CVD, a common mechanism behind these risk factors remains elusive.  Recent 

publications have highlighted the link between physical inactivity and increases in 

sympathetic nerve activity (SNA), suggesting autonomic dysregulation as a potential 

underlying cause of CVD (Krieger, et al., 2001; Mischel, et al., 2014; Zucker, et al., 

2004). 

SNA is primarily regulated by a region of the brainstem known as the rostral 

ventrolateral medulla (RVLM) (Ross, et al., 1984b).  The RVLM contains neurons which 

regulate SNA via axons that project to the intermediolateral cell column (IML) of the 

spinal cord to release glutamate onto sympathetic preganglionic neurons (SPNs) (Ross, 

et al., 1984a).  Because the spinally-projecting neurons within the RVLM regulate SPNs, 

they are frequently referred to as presympathetic neurons (Schreihofer and Guyenet, 

2000a; Schreihofer and Sved, 2011).  A population of RVLM presympathetic neurons is 

tonically active and integrate excitatory and inhibitory signals from central and 

peripheral sources in order to maintain sympathetic tone.  A change in the balance of 

excitatory versus inhibitory input to presympathetic neurons results in a change in their 
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release of glutamate onto SPNs, thus altering sympathetic tone, as dictated by changes 

in physiological demand (Dampney, et al., 1987; Dean, et al., 1992; Lovick and Hilton, 

1985; Lovick, 1987).  Previous work from our laboratory has shown an association 

between sedentary conditions and exaggerated increases in splanchnic SNA (SSNA) in 

rats (Mischel and Mueller, 2011).  One potential mechanism for the observed 

differences in SNA between sedentary and physically active rats is a change in 

sensitivity to sympathoexcitatory stimuli within the rostral ventrolateral medulla (RVLM) 

(Mischel, et al., 2015).  Supporting this observation, our group has shown that after 10-

13 weeks of sedentary versus physically active conditions, an enhanced increase in 

SSNA is observed in sedentary rats following direct activation of the RVLM via 

microinjection of the excitatory amino acid glutamate (Mischel and Mueller, 2011). 

While presympathetic RVLM neurons are known to be modulated by a variety of 

stimuli, the major factor controlling their activity is arterial pressure (Haselton and 

Guyenet, 1989; Lipski, et al., 1995; Schreihofer and Guyenet, 2002).  Increases in 

arterial pressure activate baroreceptors located in the aortic arch and at the bifurcations 

of the carotid arteries, resulting in inhibition of presympathetic RVLM neurons (Lipski, et 

al., 1996; Guyenet, 2006).  This inhibitory effect has been clearly demonstrated by 

eliciting decreases in SNA via direct electrical stimulation of baroreceptors afferents 

(Gonzalez, et al., 1983; Hayward, et al., 2002).  Conversely, unloading of the 

baroreceptor, via decreases in arterial pressure, results in disinhibition of 

presympathetic RVLM neurons and increases their action potential frequency, resulting 

in an increase in sympathetic tone (Mueller, et al., 2011; Schreihofer and Guyenet, 

2000b; Kajekar, et al., 2002).  Our laboratory has previously demonstrated that there 

are enhanced SSNA responses in sedentary compared to physically active rats 
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following either baroreceptor unloading (i.e. decreases in arterial pressure) or 

microinjection of the excitatory amino acid, glutamate, directly into the RVLM (Mischel 

and Mueller, 2011).  This suggests that presympathetic RVLM neurons in sedentary rats 

have functional characteristics which make them more sensitive to sympathoexcitatory 

stimuli compared to those found in physically active rats.  This proposed increase in 

sensitivity may lead to hyperactivity in the RVLM and increases in SNA, resulting in 

chronic increases in sympathetic tone, arterial pressure, and acute responses to 

sympathoexcitatory stimuli. 

Consistent with the idea that differences in physical activity may result in 

functional neuroplastic changes among presympathetic RVLM neurons, our group has 

reported a negative correlation between running distance of physically active rats and 

expression of the gene coding for the glutamate receptor subunit GLUR3; these data 

suggest sedentary conditions may result in increased excitability of RVLM neurons 

(Subramanian, et al., 2014).  Furthermore, our group has also reported that the C1 

subtype of presympathetic RVLM neurons exhibit significantly greater dendritic 

arborization and length in sedentary versus physically active rats, suggesting the 

potential for greater synaptic input from afferent sources (Mischel, et al., 2014).  Clearly, 

the RVLM offers an exciting opportunity to investigate functional and structural 

neuroplasticity which may underlie the differences in SNA that occur as a result of 

sedentary versus physically active animals, and may contribute to the development of 

cardiovascular disease in humans. 

In this study we investigate differences in the morphology and baroreflex 

characteristics of presympathetic RVLM neurons, and examine their correlation to 

baroreflex characteristics of SSNA in sedentary and physically active rats.  We have 
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used splanchnic nerve recording and single-unit extracellular recording of RVLM 

neurons to quantify their responses following pharmacologically-induced changes in 

blood pressure, as well as juxtacellular labeling to reconstruct the recorded neurons.  

We hypothesized that RVLM neurons would exhibit increased basal activity and 

baroreflex sensitivity in sedentary versus physically active rats (12-15 weeks 

spontaneous wheel running) and that physical activity would correlate with a reduction 

in dendritic arborization.  To our knowledge, this is the first study to combine in vivo 

nerve and single-unit recordings from barosensitive RVLM neurons with juxtacellular 

labeling to examine relationships between SSNA, and the function and structure of 

presympathetic RVLM neurons in sedentary and physically rats. 

Methods 

Ethical statement 

All protocols were approved by IACUC of Wayne State University and performed 

according to the guidelines published by the NIH and in the American Physiological 

Society's Guiding Principles in the Care and Use of Animals. 

Animal model 

21 male Sprague Dawley rats (Harlan, Indianapolis, IN) weighing 75-100g upon 

arrival were randomly designated as sedentary or physically active and singly housed in 

polycarbonate cages under controlled temperature and light (12:12 light:dark cycle) 

conditions.  Rats designated as physically active were allowed free access to in-cage 

running wheels while sedentary rats did not have access to running wheels.  A bike 

computer (SigmaSport, Olney, IL) was used to monitor daily running wheel activity.  At 

all times, rats had ad libitum access to tap water and food (Purina LabDiet 5001 Purina 

Mills, Richmond, IN).  To eliminate potential acute effects of physical activity, running 
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wheels were removed from cages the day before experiments (Kajekar, et al., 

2002;Kulics, et al., 1999). 

Surgical preparation 

After 10-15 weeks of physically active or sedentary conditions, animals were 

anesthetized with isoflurane (5% induction, 2% maintenance in 100% O2; Ohio 

Vaporizer, ASE, Gurnee, IL, USA) during surgical procedures.  Animals were then 

instrumented with femoral arterial and venous catheters to record arterial pressure and 

administer drugs, respectively.  A tracheostomy was performed and the trachea was 

cannulated to administer artificial ventilation (Inspira ASV, Harvard Apparatus, Holliston, 

MA).  A small incision was made in the skin of the left cheek to expose the mandibular 

branch of the facial nerve.  The left splanchnic nerve was exposed via a retroperitoneal 

incision, placed on silver wire electrodes, and secured by siloxane gel (S4, Bisico, 

Bielfeld, Germany).  Rats were placed on a KOPF stereotaxic apparatus (Kopf 

Instruments, Tujunga, CA, USA) in the flat skull position (incisor bar lowered to 3mm 

below horizontal).  A laminectomy was performed at the T2 vertebra to allow electrical 

stimulation in the intermediolateral cell column.  A hole was drilled in the interparietal 

bone and the dura was retracted to allow insertion of extracellular recording electrodes.  

After surgical procedures were completed, isoflurane was gradually reduced during 

infusion of Inactin (R99 Syringe Pump, Razel, Saint Albans, VT; thiobutabarbital 

sodium, 100 mg/kg, i.v.).  Supplemental anesthesia was administered as needed 

throughout the experiment in order to maintain suppression of the toe-pinch induced 

withdrawal reflex and gross increases in arterial pressure.  Partial Pressure of blood 

CO2 was monitored (Radiometer ABL5, Diamond Diagnostics, Holliston, MA, USA) and 

maintained by adjusting the rate of the ventilator.  Animal internal body temperature was 
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monitored via rectal thermometer and maintained at 37°C via a polycarbonate warming 

pad connected to a warm water recirculator (HP-5057, Hallowell EMC, Pittsfield, MA; 

T/P500, Gaymar).  After completion of experiments, animals were either euthanized via 

either overdose of FatalPlus (Vortech, Dearborn, MI) or transcardial perfusion. 

Extracellular recording of RVLM neurons 

Glass electrodes were pulled from capillary tubes (1B200-F4, WPI, Sarasota, FL, 

USA) using a Narishige PE-21, and filled with 2 M NaCl (2 MΩ resistance for facial field 

mapping, 4-8 MΩ for extracellular unit recording).  Electrodes were then positioned in 

the brainstem using a hydraulic probe Microdrive (FHC, Bowdoin, ME).  

A bipolar stimulating electrode was used to stimulate the mandibular branch of 

the facial nerve.  The facial motor nucleus was located, and its shape was mapped, by 

detecting the field potentials caused by antidromic activation of the facial nerve (0.1-0.2 

ms; 0.1-1.0 mA; S88FS Grass Technologies (West Warwick, RI); Stimulus Isolator (WPI 

A385 or Iso-Flex, A.M.P.I).  The RVLM was identified by its position immediately caudal 

to the caudal pole of the facial nucleus and no attempts were made to record from 

neurons rostral to the caudal pole of the facial nucleus.  For single-unit extracellular 

recordings, an intracellular amplifier (Neuroprobe 1600, A-M Systems, Sequim, WA) 

was used in bridge mode.  A bipolar stimulating electrode was positioned in the 

intermediolateral cell column (IML) at T2 for antidromic activation of spinally projecting 

neurons.  After pancuronium-induced paralysis (0.5-1.0 mg/kg with supplements to 

maintain paralysis), placement of the electrode in the IML was confirmed by increases 

in arterial pressure following electrical stimulation (>20 mmHg, 1s train, 0.2 ms pulse 

duration, 50 Hz, 0.5 mA).  A subset of neurons was verified as spinally projecting by 

inducing antidromic action potentials by electrical stimulation (0.5 mA, 0.2 ms). 
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Baroreflex testing 

The barosensitivity of neurons (n = 11) and splanchnic nerves from 10 physically 

active animals and neurons (n = 11) and splanchnic nerves from 11 sedentary animals 

was assessed by the change in the number of action potentials during i.v. infusion of 1 

mg/mL phenylephrine to induce increases, and 1 mg/mL sodium nitroprusside to induce 

decreases in arterial pressure.  Drugs were slowly given via i.v. catheter either by 

manual administration (n = 6 physically active rats, 3 sedentary rats) or by syringe pump 

(n = 4 physically active rats, 8 sedentary rats) in an effort to produce changes in MAP of 

1-2 mmHg/s (Foley, et al., 2005; Moffitt, et al., 1998). 

Juxtacellular labeling 

A subset of neurons (n = 7 in 7 physically active animals, n = 4 in 4 sedentary 

animals) was labeled similar to the method described in Pinault 1996 (Schreihofer and 

Guyenet, 1997; Pinault, 1996; Toney and Daws, 2006).  Neurons were recorded and 

assessed for barosensitivity using electrodes filled with 0.5 M sodium acetate and 5% 

Neurobiotin (Vector Laboratories, Burlingame, CA) in water (17-30 MΩ resistance).  

Following assessment of barosensitivity, neurons were juxtacellularly labeled using 200 

ms anodal current pulses at 2.5 Hz (50% duty cycle).  Current intensity was gradually 

increased until action potentials were entrained to current pulses. 

Histological processing of neurons labeled juxtacellularly in vivo 

After juxtacellular labeling, depth of anesthesia was reconfirmed by toe pinch. 

The chest was opened and heparin (1000 IU) was injected directly into the heart.  Rats 

were perfused with 500 mL oxygenated DMEM (Sigma D-8900) and 1 L of 4% 

formaldehyde in 0.1 M phosphate buffer.  The brains were removed and post-fixed in 

4% formaldehyde in 0.1 M phosphate buffer for 7 days on a shaker at room 
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temperature. A rodent brain matrix (RBM400-C, ASI Instruments, Warren, MI) was used 

to isolate the brainstem, which was then sectioned into 150 µm slices using a Vibratome 

(Leica VT100S, Buffalo Grove, IL).  Endogenous peroxidases were blocked using 

methanol peroxide before incubation of slices in 1:250 ExtrAvidin-Peroxidase (Sigma 

E2886) in 10% normal horse serum immunobuffer, on a shaker at room temperature for 

3 days.  Labeled neurons were revealed using a nickel-intensified diaminobenzidine 

reaction, similar to that described by Llewellyn-Smith et al 2005 (Llewellyn-Smith, et al., 

2005).  Slices containing labeled neurons were embedded in Durcopan resin similar to 

that described in Llewellyn-Smith and Gnanamanickam (Llewellyn-Smith and 

Gnanamanickam, 2011).  Briefly, slices were dehydrated using graded acetone 

solutions and then 100% propylene oxide.  Slices were incubated in a 1:1 mixture of 

propylene oxide and Durcopan resin (Sigma) for 1-2 hours before overnight infiltration 

with undiluted Durcopan.  Slices were then mounted on glass slides under coverslips 

made from Aclar (ProSciTech, Thuringowa, Queensland, Australia) before the resin was 

polymerized at 60°C for 48 hours.  Neurons were digitally reconstructed using an 

Olympus BH2 microscope and Neurolucida software (version 11, MBF Bioscience, 

Williston, VT). 

Data acquisition and analyses 

Analog signals were filtered and amplified (extracellular 300 Hz - 3 kHz, 2000x; 

SSNA 30 Hz - 3 kHz, 20,000x) via Grass Technologies P511AC amplifiers.  All signals 

were recorded using a PowerLab 8SP digitizer and LabChart 6 (ADInstruments, 

Colorado Springs, CO).  SSNA was rectified, integrated, and averaged using a time 

constant of 28 ms, and is reported as millivolts·seconds (mV·s).  Background noise was 

determined either following ganglionic blockade (30 mg/kg hexamethonium bromide, 1 



18 

 

mg/kg atropine sulfate via i.v.) or post-mortem values and subtracted from nerve 

activity.  Data were obtained in 2 second moving averages during drug administration 

and compared to baseline values (10 second averages obtained immediately prior to 

drug administration) as shown in Figure 3.  Data points were used to construct 4-

parameter baroreflex curves for each animal using SigmaPlot 10.0.  Curve parameters 

were used to create group means and compared between groups by unpaired t-tests.  

Data were considered statistically significant if p values were less than 0.05.  All data 

are expressed as mean ± standard error of the mean. 

  

Figure 3. Individual examples of arterial pressure and splanchnic nerve activity
recordings, and extracellular recording of an individual neuron. (A) Arterial pressure is
decreased during i.v. infusion of 1 mg/ml SNP. A corresponding increase is observed in rectified,
integrated SSNA signal (B) and smoothed SSNA (C). (D) Single-unit extracellular recording
demonstrates an increase in the number of action potentials during the period where arterial
pressure is decreased. (E) 2-second moving averages show the neuron increases action
potential frequency before returning to baseline as arterial pressure normalizes. A.P., arterial
pressure; SSNA, splanchnic sympathetic nerve activity; SSNA Avg., Averaged integrated SSNA;
Unit Freq., unit frequency. 
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Results 

Body weight and arterial pressure  

In physically active animals (n = 10), resting mean arterial pressure measured 99 

± 4 mmHg compared to 102 ± 3 mmHg in sedentary animals (n = 11) (Figure 4).  

Comparison of these resting arterial pressures by two-tailed t-test did not indicate 

significant differences between groups (p = 0.57).  Resting heart rates obtained at time 

of experimentation were 329 ± 10 bpm for physically active rats and 341 ± 6 bpm for 

sedentary animals and were not significantly different between groups (p = 0.318).  

Body weights obtained immediately prior to surgery showed that sedentary rats were 

significantly heavier than physically active rats (p < 0.0001, 430 ± 6 g versus 379 ± 6 g, 

respectively) (Figure 4).  

 
Barosensitivity of RVLM neurons  

The caudal pole of the facial nucleus was located via the disappearance of field 

potentials induced by antidromic activation of the facial nerve.  Neurons in physically 

Figure 4. Resting arterial pressures and body weights at the time of experiments. (A)
Resting arterial pressure was not different between groups in anesthetized rats (p = 0.48). (B)
Sedentary rats were significantly heavier than physically active rats on the days of
experiments. 
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active animals were located 177 ± 55 µm caudal to the caudal pole of the facial nucleus 

compared to 132 ± 34 µm caudal to the caudal pole of the facial nucleus in sedentary 

animals, and the positions of the neurons relative to the caudal pole of the facial 

nucleus was not significantly different between groups (p = 0.5).  The baseline firing 

frequencies of RVLM neurons were obtained prior to administration of phenylephrine or 

sodium nitroprusside.  Resting firing frequencies measured 3.1 ± 0.6 Hz in physically 

active versus 2.8 ± 0.6 Hz in sedentary animals and were not significantly different 

between groups (p = 0.77).  Phenylephrine-induced increases in arterial pressure 

effectively silenced neurons from both groups (Figure 5), producing an average 

minimum firing frequency that was not significantly different between physically active 

(0.3 ± 0.2 Hz) versus sedentary (0.02 ± 0.1 Hz) rats (p = 0.26).  The maximum increase 

in firing frequency following nitroprusside-induced decreases in arterial pressure also 

did not show significant difference between physically active and sedentary animals, 

measuring 4.4 ± 0.9 Hz in physically active versus 4.0 ± 0.8 Hz in sedentary animals 

Figure 5. Baroreflex curves of RVLM neurons. Barosensitive neurons in the RVLM did not
show significant differences in baroreflex curves when examined either by firing frequency (A) or
when examined as a percent of resting frequency (B). Curve parameters range, slope, midpoint,
and minimum did not show significant differences by either method of analysis. Points on the
curves indicate resting values ± S.E.M. 
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(p=0.83).  There were no significant differences in the midpoints (105 ± 4 mmHg in 

physically active, 109 ± 4 mmHg in sedentary, p = 0.567) or slopes (-8.8 ± 2.0 

Hz/mmHg in physically active, -12.2 ± 2.5 Hz/mmHg, p = 0.286) of baroreflex curves 

between groups.  Similar results were observed when examining baroreflex curves as a 

percent change from the resting firing frequency of neurons.  We did not observe 

significant differences in curve ranges (p = 0.540), slopes (p = 0.907), midpoints (p = 

0.488), minimums (p = 0.488), or maximums (p = 0.634) between physically active and 

sedentary animals. 

Barosensitivity of the splanchnic sympathetic nerve 

Baseline measurements of SSNA were obtained prior to administration of 

phenylephrine or sodium nitroprusside.  We did not find evidence of significant 

differences in baseline measurements of SSNA in anesthetized physically active versus 

sedentary rats, in contrast to our previous studies (Mischel and Mueller, 2011; 

Subramanian and Mueller, 2016).  Resting SSNA measured 0.94 ± 0.21 mV.s in 

physically active versus 0.92 ± 0.19 mV.s in sedentary animals and was not significantly 

different between groups (p = 0.950).  Phenylephrine-induced increases in arterial 

pressure effectively silenced the splanchnic nerve, producing an average minimum 

SSNA that was not significantly different between groups (-0.02 ± 0.05 mV·s in 

physically active animals, 0.07 ± 0.07 mV·s in sedentary animals, p = 0.286) (Figure 6).  

The maximum increase in SSNA (as a percent of resting value) following nitroprusside-

induced decreases in arterial pressu  re also did not show significant difference between 

physically active and sedentary animals, measuring 152 ± 13% in physically active 

versus 142 ± 11% in sedentary animals (p = 0.596).  Furthermore, when examining 

baroreflex curve parameters in voltage or as a percent change from resting voltage, we 
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did not find significant differences in slopes (p = 0.116, p = 0.116, respectively), 

midpoints (p = 0.383, p = 0.372), or ranges (p = 0.678, p = 0.498) between sedentary 

and physically active animals. 

Morphology of labeled neurons 

Neurons from sedentary (n = 4) and physically active (n = 7) rats that were 

marked by juxtacellular labeling were reconstructed as shown in Figure 7.  Comparison 

Figure 7. Example of a neuron juxtacellularly labeled and reconstructed. (A) Bright-field
imaging of brain section obtained from a sedentary animal shows the labeled neuron was found
in a region consistent with the RVLM. (B1) Enlarged view of the portion of the labeled neuron
located in one 150 µm slice. (B2) The reconstructed neuron, including dendrites found in other
slices. Pyr = pyramidal tract; NA = nucleus ambiguus; SP5 = spinal trigeminal tract. 

Figure 6. Baroreflex curves of splanchnic nerves. Splanchnic nerves did not show
significant differences in baroreflex curves when examined either by absolute voltage (A) or
when examined as a percent of resting voltage (B). Curve parameters range, slope, midpoint,
and minimum did not show significant differences by either method of analysis. Points on the
curves indicate resting values ± S.E.M. 
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of dendritic morphology by Sholl analysis did not show an interaction between animal 

group (sedentary versus physically active) and dendritic intersections per 10µm shell 

(two-way repeated measures ANOVA, p = 0.39) or a difference of intersections between 

groups (p = 0.17) (Figure 8).  Similarly, comparison by total dendritic length per shell did 

not reveal an interaction between group and dendritic length (p = 0.23) or differences in 

dendritic length between groups (p = 0.13).  The length of dendrites, when examined by 

branch order, did not reveal an interaction between group and length (p=0.49) and 

dendritic length by branch order was not significantly different between groups (p=0.48), 

nor was there an interaction between group and dendritic nodes by branch order 

Figure 8. Comparison of neuronal morphology between sedentary and physically
active rats. Dendritic branching (A1) and dendritic length (A2) were not different between
groups when examined by Sholl analysis. Sholl analysis did not indicate significant
differences in dendritic branching (A1) or dendritic length (A2) between groups. (B1)
Comparison of dendritic length by branch order did not show significant differences between
groups, nor did analysis of arborization by branch order (B2). Sedentary animals n = 4 from
20 to 120 µm from cell body by Sholl analysis and for first and second order dendrites, n = 3
after 120 µm and for third order dendrites. 
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(p=0.265) or a difference between groups in nodes (p = 0.65). 

Discussion  

Previous studies from our group have demonstrated that following exposure to 

chronic sedentary versus physically active conditions, sedentary rats exhibit greater 

SSNA in response to nitroprusside-induced decreases in blood pressure than is 

exhibited by physically active rats.  Furthermore, a corresponding difference in SSNA 

between groups was observed following microinjection of the excitatory amino acid, 

glutamate, directly into the RVLM (Mischel and Mueller, 2011; Subramanian and 

Mueller, 2016).  These studies suggest that presympathetic RVLM neurons in sedentary 

rats have functional characteristics which make them more sensitive to 

sympathoexcitatory stimuli compared to those found in physically active rats.  Further 

supporting the hypothesis that levels of physical activity induce neuroplastic changes 

among neurons within the RVLM, our group has also reported that the C1 subtype of 

presympathetic RVLM neurons exhibit significantly greater dendritic arborization and 

length in sedentary versus physically active rats (Mischel, et al., 2014).  Taken together, 

these studies suggest that presympathetic neurons within the RVLM are an important 

site of functional and morphological neuroplastic changes that occur as a result of 

sedentary versus physically active conditions.  The purposes of this study were to 

investigate potential differences in the baroreflex characteristics of presympathetic 

RVLM neurons, and to examine their correlation to neuronal morphology and baroreflex 

characteristics of SSNA in sedentary and physically active rats.  To do this, we used 

splanchnic nerve recording and single-unit extracellular recording of RVLM neurons to 

quantify their responses following pharmacologically-induced changes in blood 

pressure.  Furthermore, we performed juxtacellular labeling on a subset of these 
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barosensitive neurons in order to reconstruct and examine neurons for differences in 

morphology between groups.  We hypothesized that RVLM neurons in sedentary rats 

would exhibit an enhanced resting frequency of action potentials, consistent with an 

increase in sympathetic outflow, compared to physically active rats.  We further 

hypothesized that individually characterized barosensitive RVLM neurons would exhibit 

enhanced dendritic arborization in sedentary animals, similar to that which was 

observed in our previous study that examined spinally projecting C1 neurons. 

In this study we report that rats living under 10-15 weeks of sedentary conditions 

weighed significantly more than rats that lived for 12-15 weeks under physically active 

conditions (spontaneous wheel running).  These data align well with previous studies 

from our group demonstrating increased body weight of sedentary versus physically 

active rats using a similar model (Mischel, et al., 2014; Mueller and Mischel, 2012; 

Mischel and Mueller, 2011).  Using the findings of Mischel and Mueller 2011 as a basis 

for our expected effect size, we determine the power of this study on resting nerve 

activity to be greater than 0.9.  One notable difference between this study and previous 

studies from our group is that in general, the previous studies have reported that 

sedentary rats also exhibit an increased level of resting SSNA compared to physically 

active counterparts (Subramanian and Mueller, 2016).  In the current study, resting 

SSNA was not found to be different between sedentary and physically active rats as it 

was in the previous studies.  For example, in Subramanian and Mueller (2016) resting 

SSNA was 1.15 ± 0.12 mVs in sedentary animals versus 0.48 ± 0.15 mVs in physically 

active animals, compared to 0.92 ± 0.19 mVs in sedentary animals versus 0.94 ± 0.21 

mVs in physically active animals in this study.  We also did not find differences between 

groups when examining resting MAP in this study.  However, resting MAP alone is not 
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an indicator of the effects of sedentary versus physically active conditions as previous 

studies from our group using similar models have reported both significant differences 

(Mischel and Mueller, 2011), and no differences in resting MAP between groups 

(Subramanian and Mueller, 2016).  Finally, we did not observe a difference in resting 

frequency of barosensitive RVLM neurons between groups.  The results of this study 

indicate that in these anesthetized animals, sedentary versus physically active 

conditions did not result in differences between resting levels of RVLM neuronal activity 

or SSNA, and did not result in differences in MAP that have previously been observed. 

Due to the fact that differences in SNA voltage that can occur due to technical 

rather than physiological reasons (e.g., differences in contact between electrode and 

the nerve) there is some debate as to whether SNA can be expressed in terms of 

voltage or should be normalized to some other metric such as resting or maximum 

levels (Guild, et al., 2010).  Each of these methods is useful for measuring different 

aspects of the baroreflex, however each have their own drawbacks.  For example, 

normalizing to maximum SNA is unable to demonstrate differences in maximum SNA 

that occur due to experimental variables, while, results of normalization to resting levels 

of SNA may be confounded if resting SNA is greatly altered by experimental variables.  

In fact, studies have shown that analyzing the same data by different methods can 

indicate significant differences between experimental groups using one method, but not 

the other (Moffitt, et al., 1998; Head and Burke, 2001).  Such studies demonstrate the 

value of analyzing data by more than one method. 

In order to compare data between groups in absolute and relative terms, we have 

presented our SSNA baroreflex curves in both voltage as well as normalized to resting 

values in this study.  We did not observe differences between sedentary and physically 
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active rats in either absolute or relative measures of SSNA baroreflex characteristics, as 

was observed in Mischel and Mueller 2011.  However, it should be noted that while the 

power of these studies to detect differences in maximum SSNA in terms of absolute 

voltage is greater than 0.9, there was insufficient power to detect differences in 

maximum SSNA as a percent of resting values due to a high level of variability.  While 

these data did not support the hypothesis we based on our previous studies, there are 

important differences between studies which could account for the seeming 

discrepancies.  One difference is that in this study there were additional surgical 

procedures performed on the animal compared to the previous studies, e.g. exposing 

and electrically stimulating the facial nerve, spinal laminectomy and electrically 

stimulating the IML.  It is possible that these additional procedures could cause changes 

in SSNA, and neuronal activity, during the experiment that would make demonstration 

of differences between groups difficult or impossible.  Furthermore, it has been reported 

that noxious stimuli that are generally not sufficient to result in increases in SSNA in 

anesthetized animals can indeed be made to increase SSNA by disruption of 

GABAergic inhibition (Muller-Ribeiro, et al., 2014).  Therefore, we propose that given 

the level of physical invasiveness of our experiments, SSNA may have been affected by 

the level of anesthesia required to maintain an adequate anesthetic depth (i.e., lack of 

paw withdrawal and lack of increase in arterial pressure following toe-pinch 

assessment). 

Another potential reason for the differences between this study and our previous 

study, which showed sedentary rats exhibited both a greater resting level of SSNA and 

an enhanced level of SSNA in response to SNP-induced decreases in arterial pressure, 

is that there was a slight difference in rat model.  In the previous study, experiments 
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were performed on rats following 10-12 weeks of sedentary versus physically active 

conditions (Mischel and Mueller, 2011; Subramanian and Mueller, 2016).  In contrast, 

the physically active rats in the present study were under those conditions for 12-15 

weeks.  While it is true that the SSNA in these animals could be affected by the general 

increase in nerve activity that occurs with age in multiple models and species (Hart, et 

al., 2012; Ito, et al., 1986; Kenney, 2010), it should also be noted that in this study, 

physically active rats changed their daily level of running wheel activity over time.  Rats 

increased their daily running wheel activity, both in terms of time and distance, 

increasing to a peak at 6 weeks (p < 0.01) and significantly decreased activity thereafter 

(p < 0.05) (Figure 9).  This decrease in physical activity among older rats may result in 

the physically active rats in this study exhibiting characteristics that more closely 

resemble the younger sedentary rats from our previous studies (Southerland, et al., 

2007; Mischel and Mueller, 2011).  In support of this proposed explanation, a recently 

published study from our group, which examined rats exposed to 12-15 weeks of 

Figure 9. Average daily wheel activity of physically active rats. Averages of daily activity
over the course of each week was calculated (A) Daily running time increased from week 1 to
week 6 before decreasing again through week 12. (B). Daily running distance significantly
increased from week 1 to week 6 before decreasing again through week 12. n = 10 from week
1-12, n = 8 at week 13, n = 3 at week 14, n = 2 at week 15. 

(A) (B) 
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sedentary versus physically active conditions, also did not find significant differences in 

resting SSNA (Dombrowski and Mueller, 2017). 

Similar to SSNA, data can be reported in a number of ways to reveal different 

aspects of neuronal activity.  As different subtypes of RVLM neurons are known to have 

different resting frequencies and may respond to different stimuli, groups often report 

their findings in more than one way, e.g., in terms of absolute firing frequency and 

normalized to another measure such as resting frequency (Schreihofer and Guyenet, 

2000a; How, et al., 2014).  Here, unit activity was presented both in terms of absolute 

firing frequency in Hz and as a percent of resting frequency, allowing for absolute and 

relative comparisons between neurons within and between groups.  Due to the paucity 

of published data on extracellular recordings of RVLM neurons in sedentary versus 

physically active rats, the expected effects of sedentary versus physically active 

conditions on the activity of RVLM neurons were based primarily on the results 

published in Kajekar et al 2002 regarding the activity of RVLM neurons during post-

exercise hypertension, and Xu et al 2012 regarding RVLM-projecting PVN neurons in a 

rat model of chronic heart failure.  We calculated our statistical power (greater than 0.8) 

to be sufficient for resting frequency and for maximum frequency and range (absolute 

and as a percent increase over resting), but insufficient for slope and minimum firing 

frequency (percent decrease from resting) due to high variability caused by incomplete 

inhibition.  In this study, we did not observe differences between sedentary and 

physically active rats in either absolute or relative measures of baroreflex 

characteristics.  While these data did not support our initial hypothesis, they are similar 

to some other studies that examined other risk factors of CVD. For example, Pedrino et 

al. reported that they were unable to find differences in resting or maximum discharge 
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frequency between normotensive rats and hypertensive rats fed a high salt diet and 

administered Angiotensin II (Pedrino, et al., 2013).  Similarly, How and colleagues did 

not find differences in resting activity of barosensitive RVLM neurons between control 

rats and rats fed high-fat diets.  However, they were able to demonstrate that the 

neurons from obesity prone rats fed high fat diets were resistant to inhibition via 

administration of cholecystokinin, but RVLM neurons in obesity resistant rats fed high 

fat diets were not significantly different from neurons in control rats (How, et al., 2014).  

In contrast, in this study we did not observe significant differences in sensitivity to 

inhibitory stimuli, which would have been reflected as differences in the slope and 

minimum of the baroreflex curve.  Based on these results, we conclude that in these 

anesthetized animals, 10-15 weeks of sedentary versus physically active conditions did 

not result in differences in baroreflex curve parameters. 

In contrast to a previous structural study from our group which demonstrated 

enhanced dendritic length and arborization among presympathetic neurons in the RVLM 

of sedentary versus physically active rats, we did not find significant differences in 

neuronal morphology between groups in this study.  The primary reason for the 

discrepancy in results between the previous study and this one is likely due to the small 

number of juxtacellularly labeled neurons able to be analyzed in the current study.  As 

one of the goals of this study was to record and label neurons concomitantly with 

recording the ipsilateral splanchnic nerve, we were only able to successfully label and 

reconstruct seven neurons in physically active animals and four in sedentary animals.  

This is in stark contrast to the 382 neurons in sedentary rats and 441 neurons from 

physically active rats which were able to be retrogradely labeled from the T10 level of 

the IML (Mischel, et al., 2014).  Clearly, the two studies should not be compared directly 
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without first understanding their differences.  One of these differences is that the 

different approaches used may have examined different subsets of neurons.  The 

previous study examined RVLM neurons of the C1 type which were retrograde labeled 

via spinal cord injections into the IML at T9/T10, the level of the spinal cord consistent 

with splanchnic sympathetic preganglionic neurons.  One theory suggests that C1 

neurons, with their tonic low frequency of action potentials, are recruited on an as-

needed basis and thus show enhanced markers of neuronal activation compared to 

non-C1 neurons following sympathoexcitatory stimuli (Burke, et al., 2011; Chan and 

Sawchenko, 1994; Guyenet, et al., 2013).  Based on that theory, our previous study 

may have included some proportion of quiescent neurons in physically active animals, 

which would presumably have the least amount of arborization, given the relationship 

between sedentary conditions and enhanced dendritic arborization (Mischel, et al., 

2014).  In contrast, the current study was limited in that it only examined neurons that 

were found due to their spontaneous in vivo activity.  It is possible that the techniques 

used in this study created a bias toward locating the most active neurons, and that 

these neurons may not faithfully represent the morphology of neurons that are less 

tonically active. 

Another possible explanation for the difference in results between our studies is 

that, while this study included only slow-firing RVLM neurons, which are known to be 

consistent with C1 neurons, they were not confirmed to be C1 neurons by 

immunohistochemical means (Brown and Guyenet, 1985; Brown and Guyenet, 1984; 

Schreihofer and Guyenet, 1997).  By not confirming that the neurons in this study were 

indeed spinally projecting C1 neurons, it is possible that some of the neurons in this 

study were slower-firing non-C1 neurons.  However, it is very unlikely that a proposed 
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slow-firing non-C1 neuron could be involved for three reasons.  Firstly, studies 

combining in vivo recording and immunohistochemical identification have demonstrated 

the existence of both slow- and fast-firing C1 neurons, but not slow-firing non-C1 

neurons (Schreihofer and Guyenet, 1997).  Secondly, selective lesioning of C1 neurons 

has been shown to eliminate the vast majority of slow-firing RVLM neurons and leave 

primarily fast-firing non-C1 neurons intact (Schreihofer, et al., 2000; Guyenet, et al., 

2001).  Thirdly, studies have also shown that in bulbospinal RVLM neurons there is a 

relationship between firing frequency and conduction velocity, with slow-firing C1 

neurons also exhibiting low conduction velocities, another characteristic of C1 neurons 

(Schreihofer and Guyenet, 1997; Schreihofer and Guyenet, 2000a).  Taken together, 

these studies would suggest that by labeling and reconstructing slow-firing 

barosensitive neurons in this study we were, in effect, selecting for a subset of C1 

neurons. 

Technical limitations 

One technical limitation of this study on sedentary versus physically active rat is 

the basic assumption that all sedentary rats are equally sedentary.  Sedentary animals 

are considered sedentary because of the lack of a running wheel or other means to 

engage in physically activity.  However, no data were obtained in the present study on 

how little, or how much, they move within their home cage.  Future studies such as this 

one would benefit from monitoring movement of rats within their cages, e.g., via infrared 

beams or sensors to detect changes in pressure on the cage floor, which could 

measure the extent of locomotor activity among sedentary rats, despite the presence of 

a running wheel.  Similarly, this study assumes that all physical activity of rats occurs 

via the in-cage running wheel, but makes the additional assumption that different levels 
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of physical activity do not result in different levels of SNA or different levels of activity 

among RVLM neurons.  Ideally, experiments would be performed in a way that allowed 

for differences in levels of physical activity.  For example, rats with low running 

distances prior to experiments could be tested as a different group from rats with high 

running distances, and sedentary rats that were relatively active would be tested 

separately from sedentary animals with the least amount of in-cage movement.  

However, as variability in RVLM and nerve activity can vary greatly between individual 

animals, testing animals in multiple additional groups could complicate performing and 

interpreting such a study. 

Indeed, variability between individuals has been shown to make comparisons of 

SNA difficult, as it is sometimes poorly correlated with arterial pressure (Charkoudian, 

2010;Hart, et al., 2012).  In this study, we based our number of animals on previous 

studies from our group and others using related models (Huang, et al., 2006; Mischel 

and Mueller, 2011; Schreihofer, et al., 2007; Miki, et al., 2003).  However, our variability 

in the range of splanchnic nerve responses, and the corresponding variability in slope, 

primarily as a percent of resting values, make this study somewhat under powered 

compared to our initial estimates.  It is for this reason that we are unable to firmly 

conclude that 10-15 weeks of sedentary versus physically conditions do not result in 

differences in baroreflex characteristics of the splanchnic nerve, but rather that we did 

not observe them in these animals.  Similarly, our prediction of sample size for RVLM 

unit activity was based on models generally related to control of autonomic function 

because little is currently known about the long term effects of sedentary versus 

physically active conditions on RVLM neurons (Kajekar, et al., 2002; Almado, et al., 

2014; Xu, et al., 2012; Pedrino, et al., 2013; How, et al., 2014).  In this case, the 
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variability of the minimum activity of neurons during inhibition (e.g., incomplete inhibition 

despite strong increases in arterial pressure), and the corresponding slope, when 

expressed as a percent of resting values causes our study to be underpowered for 

those parameters. 

Another limitation in this study is the small number of neurons characterized and 

labeled.  As the brainstem is subject to movement as a result of respiratory activity, it is 

sometimes difficult to maintain stable recordings for long enough both to obtain full 

baroreflex curves for neurons and to perform juxtacellular labeling for reconstruction.  

This difficulty is compounded by the fact that altering blood pressure can also cause 

changes in the quality of neuronal recordings, presumably due to pressure-induced 

changes in brainstem tissue (i.e., changes in arterial pressure can cause pulsations in 

tissue, altering the distance between the neuron and the electrode) (Humphrey and 

Schmidt, 1990).  Presumably, this effect caused some neurons to become damaged or 

lost before they could be labeled.  Furthermore, as dendrites can extend hundreds of 

microns from the cell body, covering large portions of the RVLM, it is generally advised 

that only one neuron per side of the brainstem is labeled in order to avoid ambiguity 

(Schreihofer and Guyenet, 1997; Mandel and Schreihofer, 2006). 

Perspectives 

Previous studies from our group have reported differences in functional, 

morphological, and molecular changes within the RVLM, a region of the brainstem that 

contributes to SNA, in rats exposed to sedentary versus physically active conditions 

(Mischel and Mueller, 2011; Mueller and Mischel, 2012; Mischel, et al., 2014; 

Subramanian and Mueller, 2016).  These studies have also reported corresponding 

differences in SSNA, which are assumed to be a result of the neuroplasticity which 
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occurs in the RVLM.  In this study we were unable to support the hypothesis that 

differences in levels of physical activity result in changes to the characteristics of 

barosensitive neurons that are presumed to contribute to SSNA.  This lack of support 

for our hypothesis should be viewed critically in light of two key facts.  First, this study 

only examines spontaneously-active, slow-firing, barosensitive neurons in the RVLM, 

consistent with the C1 subtype, which are only one of at least three types of neurons 

known to contribute SNA (Brown and Guyenet, 1984; Brown and Guyenet, 1985; 

Schreihofer and Guyenet, 1997).  Second, selective lesioning of C1 neurons does not 

eliminate the ability of the RVLM to regulate to SNA (Schreihofer, et al., 2000; Madden, 

et al., 1999), indicating that other types of neurons located in the RVLM may also play a 

role in the differences in SSNA our group previously reported as a result of sedentary 

versus physically active conditions.  Third, the RVLM is only one of multiple 

presympathetic regions that are known to contribute to regulation of SNA (Strack, et al., 

1989; Krout, et al., 2005; Chen and Toney, 2010).  Therefore it is possible that some or 

all of these other regions may also contribute to changes in SNA that occur as a result 

of exposure to risk factors for CVD, such as sedentary conditions (Beatty, et al., 2005; 

DiCarlo and Bishop, 1988; Chen and Toney, 2003).  Chapter 3 of this dissertation 

examines the use of a technique, manganese enhanced magnetic resonance imaging, 

which may be useful in future studies to examine neuronal activity, in vivo, in the RVLM 

as well as other regions of the brain involved in control of autonomic function. 
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CHAPTER 3 - EVALUATION OF NEURONAL ACTIVITY WITHIN THE RVLM OF 
SEDENTARY AND PHYSICALLY ACTIVE RATS USING MANGANESE ENHANCED 

MAGNETIC RESONANCE IMAGING 

Introduction 

Elevated sympathetic nerve activity (SNA) has been implicated in the 

development and progression of cardiovascular disease (CVD), the leading cause of 

death among American adults (Malpas, 2010; Mendis, et al., 2014).  While SNA itself is 

subject to influence by multiple factors, it is primarily regulated by the activity of neurons 

within a region of the brainstem known as the rostral ventrolateral medulla (RVLM) 

(Ross, et al., 1984b).  The RVLM is a bilateral structure which contains neurons that 

project to the intermediolateral cell column of the spinal cord and release glutamate on 

to sympathetic preganglionic neurons to increase SNA (McAllen, et al., 1994; Dampney, 

1994; Jansen, et al., 1995; Agarwal and Calaresu, 1991; Oshima, et al., 2006).  By 

integrating excitatory and inhibitory signals from other regions of the brain, many of the 

neurons of the RVLM are tonically active and their rate of activity is able to be 

bidirectionally modulated, resulting in increased or decreased SNA, according to 

physiological demand (Guyenet, 2006; Brown and Guyenet, 1985; Schreihofer and 

Guyenet, 2002). 

A large body of literature exists which shows a correlation between elevated SNA 

in humans and CVD-related conditions (Charkoudian and Rabbitts, 2009).  For 

instance, individuals with hypertension have been shown to have increased levels of 

SNA, with greater increases reported in male and aged individuals, compared to their 

female and younger counterparts, respectively (Hart, et al., 2012).  Individuals suffering 

from obstructive sleep apnea, another risk factor for CVD, have been shown to exhibit 

persistent daytime increases in SNA and arterial pressure compared to individuals who 
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do not experience apneic events while asleep (Narkiewicz and Somers, 1997).  

Similarly, there is evidence to suggest that there may be differences in SNA among 

sedentary and physically active individuals (Senitko, et al., 2002).  Senitko et al. 

demonstrated that the transient hypotension seen following exercise is due to different 

causes between sedentary and physically active individuals (Senitko, et al., 2002).  

They showed that in sedentary individuals, post-exercise hypotension is primarily due to 

increased vasodilation (presumably through a reduction in sympathetic tone), whereas it 

was primarily due to a reduction in cardiac output in endurance trained individuals.  

However, previous human studies directly examining the effect of exercise on muscle 

SNA of the peroneal nerve have had difficulty demonstrating a statistically significant 

correlation between a sedentary lifestyle and increases in SNA, possibly due to 

insufficient statistical power as a result of inter-individual variability (Ray and Carter, 

2010; Delaney, et al., 2010; Charkoudian, 2010). 

In contrast to the technical limitations inherent to recording some forms of SNA in 

human subjects (e.g., the invasiveness of simultaneously recording multiple 

sympathetic nerves), studies taking advantage of animal models have been better able 

to explore the connection between physically active versus sedentary conditions and 

changes in SNA.  Previous studies from our laboratory have been able to demonstrate 

significantly higher resting splanchnic SNA (SSNA) in chronically sedentary rats 

compared to physically active (spontaneous wheel-running) controls (Mischel and 

Mueller, 2011).  In addition to this increased resting SSNA, there was also a significantly 

enhanced increase in SSNA observed in sedentary versus physically active rats 

following a sympathoexcitatory stimulus (a decrease in arterial pressure following i.v. 

infusion of sodium nitroprusside).  This animal study offered another key benefit to 
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understanding the potential mechanisms behind the increased SSNA in sedentary rats; 

the ability to use microinjections of the excitatory amino acid, glutamate, to measure 

SSNA following direct activation of sympathoexcitatory neurons located within the 

RVLM.  Using these microinjections, our group was able to demonstrate that sedentary 

rats exhibited greater increases in SSNA than was seen in physically active rats, 

suggesting that compared to physically active conditions, sedentary conditions lead to 

enhanced sensitivity of the RVLM to sympathoexcitatory stimuli, and a corresponding 

increase in SNA.  

Traditional techniques for identifying potential differences in neuronal activity that 

may contribute to dysregulation of SNA, such as FOS studies or electrophysiology, are 

generally cross-sectional and only examine each animal at one time point.  While such 

techniques can demonstrate potential differences in neuronal activity at a given time 

point, their cross-sectional designs would be unable to identify within-subject changes in 

neuronal activity due to chronic exposure to sedentary versus physically active 

conditions.  Furthermore, the neuronal activities in an anesthetized animal during 

sacrifice for a FOS study or while performing an electrophysiology study may not 

accurately reflect the activity that occurs under ‘awake’ conditions (Dorward, et al., 

1985; Takayama, et al., 1994).  One way to explore the question of whether sedentary 

versus physically active conditions result in different levels of neuronal activity within the 

RVLM would be to use a longitudinal method which can evaluate in vivo neuronal 

activity, in awake subjects, both before and after exposure to those conditions.  

One technique, manganese enhanced magnetic resonance imaging (MEMRI), 

has emerged as a way to evaluate how experimental variables affect neuronal activity, 

in vivo, over multiple trials (Van der Linden, et al., 2002; Inoue, et al., 2011; Jung, et al., 
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2014; Eschenko, et al., 2012). MEMRI is a form of MRI which uses manganese as a 

contrast agent to identify regions within the brain that have increased neuronal activity 

(Malheiros, et al., 2015; Lin and Koretsky, 1997).  In its divalent form, manganese 

(Mn2+) is a paramagnetic ion that is able to decrease the T1 relaxation time constant of 

protons (Mendonca-Dias, et al., 1983; Geraldes, et al., 1986).  When images are 

acquired with short repetition times (T1 weighted imaging), the decrease in T1 

effectively causes an increase in the signal intensity in regions with greater 

concentrations of Mn2+.  Because Mn2+ has ionic characteristics similar to those of 

divalent calcium, which is used by neurons for release of neurotransmitters, it is able to 

enter active neurons primarily via L-type voltage-gated calcium channels during action 

potentials (Wang, et al., 2015; Nasu, et al., 1995; Ulyanova, et al., 2017).  Due to this 

activity-dependent uptake into neurons and a slow rate of efflux, Mn2+ accumulates in 

regions of the brain with tonic or stimulated levels of neuronal activity (Lin and Koretsky, 

1997; Kuo, et al., 2006).  Following systemic administration of Mn2+ (e.g., via i.p. 

injection), it is absorbed via the portal veins, distributed throughout the body, and enters 

the cerebrospinal fluid (CSF) via the choroid plexus and regions lacking a blood brain 

barrier (Chuang and Koretsky, 2009; Greenberg, et al., 1943).  Once in the CSF, Mn2+ 

is taken up by active neurons in the awake, behaving animal subject. Previous studies 

have shown that Mn2+ is cleared from the blood and CSF within approximately 24 hours 

of systemic administration, with the peak increase in brain signal intensity in many 

regions generally occurring in approximately the same amount of time (Lee, et al., 2005; 

Zheng, et al., 2000; Aoki, et al., 2004).  When Mn2+ is administered at non-saturating, 

non-toxic doses, the increased signal intensity returns to baseline levels over the course 

of 2 to 3 weeks, meaning that assessments of neuronal activity via MEMRI can be 
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performed hours or days after the initial administration of manganese, and will reflect 

the level of neuronal activity which occurred during the approximately 24 hour period of 

uptake (Van der Linden, et al., 2002; Chuang, et al., 2009).  Furthermore, because 

signal intensities eventually return to baseline levels, MEMRI offers the potential to 

longitudinally assess neuronal activity in the same animal subjects both before and after 

the introduction of an experimental variable. 

In this study we used MEMRI to longitudinally evaluate the effects of sedentary 

versus physically active conditions on neuronal activity within the RVLM in a rat model. 

We evaluated neuronal activity in the RVLM by measuring activity-dependent increases 

in signal intensity both before and after exposure to 12 weeks of sedentary versus 

physically active conditions.  By using intraperitoneal (i.p.) administration of Mn2+ and 

MEMRI, we probed for the development of differential increases in neuronal activity, 

indicated by differential increases in signal intensity compared to baseline (non-injected) 

imaging sessions, in sedentary and physically active rats.  Based on previously reported 

increases in SSNA in sedentary rats, we hypothesized that sedentary animals would 

show enhanced neuronal activity within the RVLM, as indicated by an enhanced 

increase in signal intensity compared to physically active control animals. 

Methods 

Ethical statement 

All protocols were approved by IACUC of Wayne State University and performed 

according to the guidelines published by the NIH and in the American Physiological 

Society's Guiding Principles in the Care and Use of Animals. 

Animal model and systemic injections of Mn2+ 

4-week old male Sprague Dawley rats (Harlan, Indianapolis, IN) were singly 
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housed in polycarbonate cages upon arrival (n = 21, weight 92 ± 1 g) under controlled 

temperature and light (12:12 light:dark cycle) conditions.  At all times, rats had ad 

libitum access to tap water and food (Purina LabDiet 5001 Purina Mills, Richmond, IN).  

Figure 10 demonstrates the timeline of procedures in these experiments.  After a period 

of acclimatization, surgery was performed to implant i.p. catheters in all rats.  Under 

isoflurane anesthesia (3% induction followed by 2% maintenance, in 100% O2; Ohio 

Vaporizer, ASE, Gurnee, IL), the chronic catheters (Braintree Scientific, R-FC-L, 

Braintree, MA) were placed subcutaneously with the end of the internal segment located 

inside the i.p. space and the external segment located posteriorly at the base of the 

neck (150 ± 2 g at surgery).  After a minimum of 10 days recovery, the rats (196 ± 3 g) 

were imaged under acute anesthesia (see below) to establish baseline MRI values of 

RVLM voxel intensity.  Six days following the initial scan, during daylight hours, rats 

were given MnCl2•4H2O (66 mg/kg, Sigma Aldrich, St. Louis, MO), prepared in sterile 

saline, via i.p. catheter.  Catheters were flushed with saline in order to ensure complete 

Figure 10. Timeline of procedures for MEMRI experiments. Chronic i.p. catheters were
placed in animals 10 days prior baseline imaging. Six days later, Mn2+ was administered 24
hours before the first MEMRI session. Animals were separated into sedentary and physically
active groups for 11 weeks before a new baseline imaging session, and a second MEMRI
session at 12 weeks. 
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delivery of MnCl2. 24 hours following administration of the manganese solution, a new 

set of images were obtained to assess the uptake of Mn2+ which had occurred during 

the period between administration and imaging.  Rats were then randomly assigned to 

physically active (free access to an in-cage running wheel) or sedentary (no running 

wheel) groups.  A bike computer (SigmaSport, Olney, IL) was used to monitor daily 

running wheel activity of physically active rats.  Rats were maintained under sedentary 

or physically active conditions until a second set of paired non-injected and injected 

imaging sessions under acute anesthesia occurred at 11 and 12 weeks, respectively 

after the initial Mn2+ administration.  Catheters that had retracted throughout the course 

of the experiment were replaced under anesthesia 4 days before administration of 

MnCl2 for the 12 week imaging time point.  Data obtained from the second set of images 

were compared between groups, and to that obtained from the first pair of imaging 

sessions.  

MRI acquisition 

For each imaging session, rats were anesthetized  with isoflurane (5 % induction, 

1.5 - 2.25 % maintenance, in room air) and placed on a carriage heated by circulating 

water inside of a Bruker 7T ClinScan small animal MRI controlled by a Siemens console 

using Syngo software (Siemens Corporation, Washington D.C., USA).  Respiration and 

heart rate were monitored during imaging with an SA Instruments (Stony Brook, NY) 

small animal monitoring system.  For each scan, the head was stabilized during imaging 

by a combination of a bite bar assembly that supplied isoflurane, the nose cone, and the 

surface head coil, which was placed on top of the head and used to obtain signals. 

Image acquisition was performed using the transmit-only whole body coil and a receive-

only surface coil placed over the head and neck region.  T1-weighted localizing 
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sequences were performed to standardize the position of the brains using the pituitary 

as a landmark.  Rats were then imaged via T1 weighted and T1 map imaging 

techniques (Figure 11).  Following imaging, rats were placed on a heating pad 

maintained at 37°C and allowed to regain consciousness, indicated by sternal 

recumbency, before being returned to their home cages. 

 

To eliminate potential acute effects of physical activity (Kajekar, et al., 2002; 

Kulics, et al., 1999), running wheels were removed from cages the day before the 

imaging session (after 11 weeks of physical activity) and returned following imaging.  

Similarly, wheels were again removed the day before administration of Mn2+ to eliminate 

potential effects of physical activity on manganese uptake within the RVLM (after 12 

weeks of physical activity), and returned following imaging.  Rats were sacrificed 24 - 48 

hours after the final imaging session by being deeply anesthetized with 100 mg/kg Fatal 

Plus (Vortech, Dearborn, MI) delivered via i.p. catheter before transcardial perfusion. 

The total imaging time per rat was approximately one hour, consisting of 30 

minutes for T1 weighted imaging and 2 x 15 minutes for T1 map imaging.  To ensure 

Figure 11. Examples of imaging before and after administration of manganese. (A) T1
weighted images as obtained before (A1) and after (A2) administration of manganese. (B) T1
map images as obtained before (B1) and after (B2) administration of manganese via chronic i.p.
catheter. 
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adequate time for anesthesia, positioning, configuration, and monitored recovery, 

animals were imaged in the order they were injected, at 90 minute intervals. 

T1 weighted imaging 

T1 weighted imaging was performed similar to that described in Holt et al. (Holt, 

et al., 2010).  Two replicates of two separate types of imaging were performed on each 

animal: magnetization prepared rapid acquisition gradient echo (MPRAGE); and 

produced proton density weighted (PDGE) images. MPRAGE and PDGE images 

shared parameters and both produced a series of images representing the entire brain, 

from the olfactory bulbs to the spinomedullary junction, at a resolution of 130x130 µm 

along the dorsoventral and mediolateral axes and 260 µm along the rostrocaudal axis.  

The summed MPRAGE images were divided by the summed PDGE images using R 

language scripts developed in-house to create T1 weighted images which were free of 

the effects of B1 field inhomogeneity (Van de Moortele, et al., 2009; Holt, et al., 2010). 

T1 map imaging  

Scanning was performed to quantify two separate rostrocaudal regions of the 

RVLM.  Separate images were obtained of the regions of the brainstem 400 µm 

immediately caudal to, and rostral to, the caudal pole of the facial nucleus, a traditional 

landmark for the RVLM.  Each region was imaged at 8 repetition times (TR) with an 

increasing number of observations at shorter TRs to compensate for decreased signal-

to-noise ratios (6 x 150 ms, 1 x 3500 ms, 2 x 1000 ms, 1 x 1900 ms, 4 x 350 ms, 1x 2 

700 ms, 5 x 250 ms, 3 x 500 ms).  Using ImageJ, images with the same TRs were 

registered (rigid body) and averaged to produce single images for that TR before 

images were registered across all 8 TRs.  Image intensity values in a region of interest 

(ROIs) were obtained via ImageJ for all TRs and, T1 was calculated by fitting data to a 
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3-parameter equation using R language scripts developed in-house and the minpack.lm 

package (v.1.1.1, Timur V. Elzhov and Katharine M. Mullen minpack.lm: R interface to 

the Levenberg-Marquardt nonlinear least-squares algorithm found in MINPACK. R 

package version 1.1–1) (Bissig and Berkowitz, 2011). 

Defining RVLM ROIs 

The location of the RVLM was defined anatomically based upon a rat atlas 

(Paxinos and Watson, 2007) and anatomical studies performed by our laboratory and 

others (Ross, et al., 1984a; Mischel, et al., 2014; Ruggiero, et al., 1989) (Figure 12).  

We previously confirmed the RVLM was identifiable in MEMRI by using microinjections 

of glutamate to functionally identify the RVLM via in vivo increases in arterial pressure, 

followed by post mortem microinjection of manganese at the same stereotaxic 

coordinates prior to imaging (Huereca, et al., 2017).  ROIs were hand drawn on images 

Figure 12. Location of RVLM on T1 weighted and T1 map magnetic resonance images.
Regions of interest are shown in red. T1 weighted MRI images show the rostral (A1) and
caudal (A2) extent of the region analyzed, and corresponding stereotaxic schematics (right

panels, modified from Paxinos and Watson, 6
th
 edition). (B) T1 map images of the 400 µm

slices corresponding to the rostral (B1) and caudal (B2) RVLM. 
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in the region consistent with the RVLM.  For T1 weighted imaging, ROIs were manually 

drawn and voxel intensities, measured in arbitrary units (a.u.), were obtained using 

MRIcro (version 1.40 Chris Rorden. www.mricro.com).  ROIs were drawn separately on 

the left and right RVLM to account for potential physical misalignment of the brain 

during the imaging session.  Left and right ROIs were matched based on their 

rostrocaudal position relative to the caudal pole of the facial nucleus before their 

intensities were averaged to obtain mean intensities for each rostrocaudal level of the 

RVLM.  Mean RVLM voxel intensities were obtained for the 520 µm (2 260 µm virtual 

slices) rostral too, and 520 µm caudal too, the caudal pole of the facial nucleus.  For T1 

map imaging, ImageJ was used to draw ROIs over areas corresponding to the RVLM. 

T1 was calculated separately for left and right RVLM then averaged to calculate T1 for 

rostral and caudal levels of the RVLM.  The reciprocal of T1 (1/T1) was used to 

compare subjects as 1/T1 directly reflects manganese concentrations (Chuang, et al., 

2009).  

Statistics 

Data were analyzed using SPSS Version 24 (IBM Corporation) SigmaStat 

Version 3.5 (Systat Software, San Jose, CA) and SigmaStat Version 3.5 (Systat 

Software, San Jose, CA).  Three-way repeated measures ANOVA tests were used to 

examine interactions between groups (physically active versus sedentary), the effect of 

manganese administration (pre- versus post-injection), and time point (before versus 

after exposure to experimental conditions).  Two-way repeated measures ANOVA tests 

were used to examine interactions between group and time point.  A standard two-tailed 

Student’s t-test was used to assess potential differences between groups at individual 

time points, and within groups between time points.  Data were considered statistically 
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significant if p values were less than 0.05.  All data are expressed as mean ± standard 

error of the mean.   

Results 

Body weights 

Naïve juvenile rats were randomly separated into groups, to be designated as 

physically active or sedentary following the week 0 imaging session.  There were no 

significant differences in body weight between groups at time of arrival, implantation of 

i.p. catheters, initial baseline imaging session (week -1), first administration of 

manganese, during imaging following the first administration of MnCl2 (week 0), or 

through the second week of sedentary versus physically active conditions.  Beginning at 

week 4 and continuing through week 11, sedentary rats were significantly heavier than 

physically active rats (p = 0.028).  At week 12, during the post-injected imaging session, 

rats from both groups weighed significantly less than they did at their week 11 imaging 

session (p < 0.001) and weights between groups were no longer significantly different 

(p=0.1) (Figure 13).  Animals that underwent catheter replacement surgery between the 

 week 11 and week 12 imaging sessions were not significantly different compared to 

Figure 13. Body weights of animals 
throughout MEMRI experiments. 
Weights differed between groups after 
4 weeks of sedentary versus physically 
active conditions (*p<0.001). Following 
Mn2+ administration at week 12, both 
groups lost a significant amount of 
weight (#p < 0.001) and weights were 
no longer different between groups 
(p=0.10). 
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animals of their group that did not have surgery when examined by T1 map or 

unprocessed T1 weighted values obtained at the week 12 imaging session, or by T1 

values expressed as a percent increase over week 11 values (data not shown, p > 0.1). 

T1 weighted imaging 

Figure 14 shows the results of T1 weighted imaging at all time points.  T1 

weighted imaging of the RVLM indicated no significant difference in absolute voxel 

intensity between groups at week -1 non-injected scans (1625 ± 18 a.u. physically 

 

active versus 1644 ± 14 a.u. sedentary rats) or at week 0 injected scans (1856 ± 28 a.u. 

physically active versus 1886 ± 20 a.u. sedentary rats).  The i.p. administration of 

manganese 24 hours prior to the week 0 imaging session caused increases in voxel 

intensity (p < 0.001), measuring 14 ± 2% and 15 ± 1% in physically active and 

sedentary groups, respectively, in RVLM voxel intensity compared to their baseline 

Figure 14. T1 weighted analysis of RVLM signal intensity before and after 12 weeks of
sedentary versus physically active conditions. (A) Unprocessed T1 weighted values
indicate significant increases in voxel intensity following manganese injections at week 0 and
week 12 (* p < 0.001). It also indicates a main effect of time ($ p < 0.001) with an interaction
between manganese administration and time (p = 0.033) indicating significant increases in
signal intensity after sedentary or physically active conditions, but no differences between
groups at any point. (B) Analysis of T1 weighted images as a percent change versus the
previous non-injected imaging session does not show significant differences between groups
(p = 0.49) or an effect of time (p = 0.62). 
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values. No significant differences were observed between groups (p = 0.84). 

After 11 weeks of physically active versus sedentary conditions, rats were 

imaged again to establish new baseline values.  RVLM voxel intensity values measured 

1695 ± 17 a.u. in physically active versus 1707 ± 26 a.u. in sedentary animals, showing 

a slight but significant increase from their initial baseline values obtained at week -1 (p = 

0.004).  There was no interaction between time point and sedentary versus physically 

active conditions (p = 0.862).  At week 12, 24 hours after a second injection of 

manganese, RVLM voxel intensity values increased significantly (p < 0.001), measuring 

2037 ± 30 a.u. in physically active versus 1988 ± 28 a.u. in sedentary animals.  These 

values indicate 20 ± 2 % and 17 ± 8 % increases in intensity, respectively, compared to 

the week 11 baseline values.  Animals exhibited a significant increase in unprocessed 

post-injection RVLM voxel intensity at week 12 versus week 0, indicating a main effect 

of time (p < 0.001).  However, we did not observe a significant interaction between time, 

group, and Mn2+ administration in unprocessed RVLM voxel intensities (p = 0.283, 

three-way repeated measures ANOVA) or time and group in unprocessed RVLM voxel 

intensities from week 11 to week 12 (p = 0.312, two-way repeated measures ANOVA) 

and no interaction between time point and group was found when measured as the 

unprocessed increase in intensity from week 0 to week 12 (p = 0.126).  Furthermore, 

when the post-injected values at weeks 0 and 12 were compared as percent increases 

from their respective baseline imaging sessions (i.e. the increase from week -1 to week 

0 versus from week 11 to week 12), the increase in intensity from week 0 to week 12 

became nonsignificant (p = 0.062) with no interaction between time and group (p = 

0.341).  
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T1 map imaging 

Figure 15 shows the results of T1 map imaging at all time points.  The results of 

T1 map imaging were generally similar to those found in T1 weighted imaging.  In the 

week -1 baseline imaging session, 1/T1 values in the RVLM of physically active animals 

were 0.637 ± 0.008 in the caudal section and 0.638 ± 0.007 in the rostral section, 

compared to 0.644 ± 0.009 in the caudal section and 0.625 ± 0.019 in the rostral section 

of the RVLM of sedentary animals.  24 hours following i.p. administration of manganese, 

1/T1 values in the RVLM of physically active animals had significantly increased to 

0.797 ± 0.015 in the caudal section and 0.785 ± 0.007 in the rostral section (p < 0.001), 

compared to 0.782 ± 0.009 in the caudal RVLM and 0.797 ± 0.009 in the rostral of the 

RVLM of sedentary animals (p < 0.001).  There were no significant differences in 1/T1 

between groups at week -1 or week 0 in either caudal or rostral sections of the RVLM. 

After 11 weeks of physically active versus sedentary conditions, 1/T1 values in 

physically active animals had decreased from their post-injection values at week 0 to 

Figure 15. T1 map analysis of RVLM signal intensity before and after 12 weeks of
sedentary versus physically active conditions. Analysis of the caudal (A) and rostral (B)
RVLM indicate a significant increase in 1/T1 following Mn2+ administration at weeks 0 and 12
(*p<0.001), with significantly greater 1/T1 values at week 12 versus week 0 ($p<0.001). No
differences were observed at week 11 versus week -1 (p=0.30) or between groups at any time. 



51 

 

0.679 ± 0.012 in the caudal section and 0.648 ± 0.010 in the rostral section of the RVLM 

in physically active animals and 0.696 ± 0.011 in the caudal and 0.644 ± 0.012 in the 

rostral section of the RVLM of sedentary animals.  The decrease in 1/T1 was not 

significantly different between groups (p = 0.425) and values at week 11 were not 

significantly different from values at week -1 (p= 0 .301).  At week 12, 24 hours after a 

second injection of manganese, 1/T1 increased to 0.899 ± 0.023 in the caudal section 

and 0.880 ± 0.013 in the rostral section of the RVLM in physically active animals and 

0.885 ± 0.020 in the caudal and 0.899 ± 0.013 in the rostral section of the RVLM of 

sedentary animals.  1/T1 was significantly increased at week 12 compared to week 11 

values in both the rostral and caudal RVLM (p < 0.001), but there was no interaction 

between group and injection at either the rostral (p = 0.419) or caudal (p = 0.376) level 

of the RVLM.  Again, we observed a slight but significant increase in 1/T1 at week 12 

compared to week 0 in sedentary and physically active rats, in both caudal and rostral 

sections of the RVLM (p<0.001).  However, we did not observe differences in 

manganese uptake, as indicated by 1/T1 values, between physically active versus 

sedentary animals.  

Rostrocaudal analysis by T1 weighted imaging 

Based upon our previous structural study which demonstrated a caudal to rostral 

gradient of increased dendritic arborization among C1 neurons in sedentary, but not 

physically active animals (Mischel, et al., 2014), we examined each T1 weighted coronal 

image of the RVLM for a corresponding increase in signal intensity at the week 12 time 

point (Figure 16). No interaction was found between group and rostrocaudal position 

(p=0.788, two-way repeated measures ANOVA).  No effect of rostrocaudal position was 

observed on the increase in signal intensity at week 12 compared to the previous 
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uninjected imaging session (p = 0.998), and no difference was observed between 

groups (p = 0.342). 

 

Discussion 

The purpose of this study was to use an emerging technique, MEMRI, to 

longitudinally examine potential differences in in vivo neuronal activity within the RVLM, 

the primary regulator of SNA, of sedentary versus physically active rats.  In MEMRI, the 

paramagnetic ion Mn2+ is taken up primarily via L-type calcium channels during action 

potentials, and is used as an activity-dependent contrast agent to identify regions within 

the brain that have higher neuronal activity (Ulyanova, et al., 2017; Wang, et al., 2015; 

Nasu, et al., 1995). We imaged the RVLM before and after administration of Mn2+ via 

chronic i.p. catheter to establish baseline and injected signal intensities before 

subjecting rats to sedentary or physically active conditions.  Rats were imaged again, 

before and after a second administration of Mn2+, to identify potential differences in 

resting neuronal activity which may have developed due to differences in levels of 

physical activity.  This study was designed based on other studies which have reported 

differences in voxel enhancement between experimental and control groups ranging 

Figure 16. T1 weighted rostro-caudal
analysis of RVLM signal intensity
after 12 weeks of sedentary versus
physically active conditions. No
differences were observed between
groups and there was no significant
effect of rostrocaudal position on the
percent increase in RVLM intensity at
week 12 versus the week 11 values. 
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from up to 40% when measured by T1 Weighted analysis, and up to ½ second shift in 

T1 when measured by T1 map (Holt, et al., 2010; Weng, et al., 2007; Ulyanova, et al., 

2017; Kuo, et al., 2007; Zubcevic, et al., 2014; Kim, et al., 2011; Brozoski, et al., 2007).  

Under those conditions, we calculated that to achieve statistical power of greater than 

0.8 to show differences in RVLM activity due to sedentary versus physically active 

conditions, a need only 8 animals per group when using T1 weighted analysis, or 4 

animals per group when using T1 map analysis.  In these studies, we compared 11 

physically active versus 10 sedentary rats for T1 weighted studies, and 11 physically 

active versus 9 sedentary animals for T1 map studies. 

In this study we have performed both T1 weighted and T1 map imaging of the 

RVLM in order to examine differences in neuronal activity between sedentary and 

physically active rats.  T1 map imaging was performed on 400µm caudal and rostral 

sections of the RVLM at 105x105 µm mediolateral and dorsoventral resolution.  

Sections were separated by the caudal pole of the facial nucleus, with 1/T1 values 

being correlated with manganese concentrations within the tissues imaged (Chuang, et 

al., 2009).  While T1 map reported valuable information about Mn2+ concentrations in 

the RVLM, imaging required approximately 30 minutes and data obtained via this 

method is restricted to only areas located in the 2 coronal sections imaged.  In contrast, 

our method of T1 weighted imaging also required approximately 30 minutes, but 

produced images of the entire brain, from olfactory bulbs to spinomedullary junction, in 

260µm coronal slices at 130x130 µm mediolateral and dorsoventral resolution.  This 

additional T1 weighted data can then be analyzed to test hypotheses about other 

regions of the brain that may also be affected by sedentary versus physically active 

conditions.  Indeed, we are currently examining other regions of the brain involved in 
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control of SNA. 

We have reported the results of The T1 weighted portion of this study as 

unprocessed voxel intensity within the RVLM, as well as a percent change in T1 

weighted signal intensity compared to intensities obtained during pre-injected baseline 

imaging sessions.  Van de Moortele et al. have demonstrated that expressing 

unprocessed voxel intensity as a ratio of MPRAGE divided by PDGE images produces 

images which are largely free of errors that may be produced by some technical issues 

such as inhomogeneity in the magnetic field and the distance between the imaging coil 

and the tissue being evaluated (Van de Moortele, et al., 2009).  However, this correction 

cannot account for potential differences in signal intensity between individuals.  For this 

reason, we have also expressed signal intensity as a percent change in T1 weighted 

post-injection signal intensity compared to intensities obtained during pre-injected 

baseline imaging sessions.  

While some groups have used normalization to baseline values to measure 

neuronal activity, other groups studying different regions of the brain have used a 

variety of other techniques to normalize MEMRI data, including normalization to muscle, 

nearby areas of brain tissue, and saline (Matsuda, et al., 2010; Eschenko, et al., 2012; 

Kuo, et al., 2007; Eschenko, et al., 2010a; Pautler, et al., 1998).  However, our group 

has previously demonstrated that normalizing RVLM intensity to baseline imaging 

sessions gives a pattern of manganese efflux over time that more closely resembles T1 

map imaging, which reflects tissue manganese concentration and does not require 

normalization, than is obtained by normalizing to different muscle groups or 

cerebrospinal fluid (Huereca, et al., 2017).  

In this study, we report a significant main effect of manganese administration via 
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chronic i.p. catheter, resulting in increases in RVLM intensity both at week 0 and at 

week 12, before and after, respectively, exposure to physically active versus sedentary 

conditions.  We also saw a significant main effect of time when measured by 

unprocessed T1 weighted voxel intensity, as well as an interaction between time and 

manganese.  These data alone would suggest that more manganese is taken up by the 

RVLM of older animals than is observed in younger animals.  This explanation is 

plausible, as other studies have shown that SNA increases with age in some rat 

models, and calcium uptake in hippocampal neurons increases with age, as indicated 

by MEMRI (Bissig and Berkowitz, 2014; Judy and Farrell, 1979).  Indeed, both 

unprocessed T1 weighted and T1 map imaging revealed a significantly greater uptake 

of Mn2+ following administration at week 12 than is observed at week 0, and T1 

weighted imaging expressed as a percent increase above baseline values showed an 

increase that was nearly significant by our criteria at p=0.06.  However, this 

interpretation must be viewed with care for two reasons.  One reason is that T1 

weighted imaging showed a slight but significant increase in RVLM intensity at the week 

11 non-injected imaging session compared to the week -1 non-injected session.  Our 

previous study demonstrated that following administration of 66 mg/kg Mn2+, signal 

intensities return to levels not significantly different from baseline after 2-3 weeks 

(Huereca, et al., 2017).  This suggests that the week 11 signal may have been 

increased for reasons other than Mn2+, or due to accumulation of Mn2+ from dietary 

sources or sources other than the previous i.p. administration.  However, this potential 

additional source of Mn2+ is unable to account for a second reason to carefully interpret 

the age-related increase in T1 weighted signal intensity; that is, no significant increase 

from week -1 to week 11 was detected by T1 map imaging.  However, as T1 map and 
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T1 weighted imaging were performed measuring slightly different amounts of tissue, it is 

possible that both sets of results are valid for their respective tissue examined and the 

results of each technique should be judged separately. 

We hypothesized there would be an increased signal intensity in the RVLM of 

rats following 12 weeks of exposure to sedentary conditions compared to rats exposed 

to 12 weeks of physically active (spontaneous wheel running) conditions.  This 

hypothesis was based on previous studies from our group which demonstrated an 

increased resting level of SSNA in anesthetized sedentary versus physically active rats, 

potentially arising from increased efferent signals originating in presympathetic regions 

such as the RVLM (Subramanian and Mueller, 2016; Mischel and Mueller, 2011).  

Supporting the hypothesis that the RVLM may be the source of increased sympathetic 

outflow in sedentary animals, these same studies also reported enhanced SSNA 

following microinjection of the excitatory amino acid, glutamate, directly into the RVLM 

in sedentary animals compared to physically active controls, as well as a greater effect 

on SSNA when injected into rostral areas of the RVLM (Subramanian and Mueller, 

2016; Mischel and Mueller, 2011).  Other studies have also reported potential 

differences in RVLM activity due to differences in levels of physical activity.  For 

example Ichiyama et al. reported that following a single bout of exercise, sedentary rats 

had significantly more RVLM neurons with c-Fos immunoreactivity than were observed 

in exercise trained rats, suggesting a greater number of neurons were activated 

(Ichiyama, et al., 2002).  Similarly, Greenwood et al. showed significantly enhanced c-

Fos expression in the RVLM of sedentary versus exercise trained rats following a 

sympathoexcitatory stimulus in the form of electrical shock of the tail (Greenwood, et al., 

2003).  Taken together, these studies suggest that neurons in the RVLM of sedentary 
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rats may be more active under resting conditions and, and more responsive to 

sympathoexcitatory stimuli, than those in physically active rats, presumably due to 

increased levels of glutamate.  However it is also possible that the increase in resting 

SSNA, and the enhanced increase in SSNA following microinjection of glutamate, is due 

to enhanced sensitivity as a result of a decrease in glutamatergic release in the RVLM, 

i.e., compensating for decreased glutamatergic neurotransmission either by increasing 

sensitivity to glutamate or by decreasing sensitivity to inhibitory stimuli.  Our group has 

recently begun examining this possibility through the use of microinjections of 

antagonists of GABAA and glutamate receptors to find differences in tonic levels of 

neurotransmission in the RVLM of anesthetized sedentary and physically active rats. 

Despite the supporting evidence in previous studies that led to these 

experiments, the results reported in this study do not support the hypothesis that 

neuronal activity within the RVLM changes as a result of sedentary versus physically 

active conditions.  After 12 weeks of sedentary versus physically active conditions, we 

did not observe different differences in neuronal activity between groups using either T1 

weighted or T1 map MEMRI.  One reason for the inability to show differences in 

neuronal activity between groups may be due to the fact that while MEMRI is known to 

detect differences in total neuronal activity (Massaad and Pautler, 2011), it may not 

have the temporal resolution to detect differences in neuronal activity if the differences 

are in the form of changes in patterns of discharge that do not affect the total level of 

activity during the period of manganese uptake.  For example, it has been reported that 

decreases in human vascular conductance, mediated by muscle sympathetic nerve 

activity, are encoded for by both SNA burst frequency as well as burst amplitude 

(Fairfax, et al., 2013).  In Fairfax et al. (2013), evidence is offered to suggest that for an 
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equal amount of total SNA, bursts of consistent amplitude may have a greater effect on 

vasomotor tone than is caused by more frequent bursts of lower amplitude.  If a similar 

phenomenon occurred within the RVLM, it is possible that the previously reported 

differences in SSNA between sedentary and physically active rats could be the result of 

differences in patterns of neuronal activity, despite having the same total level of 

neuronal activity, and the same amount of signal enhancement when measured by 

MEMRI.  Indeed, it has been reported that while inhibition of the RVLM in rabbits via 

microinjection of two different compounds produced an identical reduction in total renal 

sympathetic nerve activity, the reduction in total SNA was either due to decreases in 

both burst frequency and amplitude, or due to decreases in amplitude alone, depending 

on the compound used (Head and Burke, 2000). 

Another potential reason for the lack of an observable difference in neuronal 

activity between sedentary and physically active rats is that although the RVLM is 

considered the primary regulator of SNA, it is not the only regulator of SNA.  Studies 

that have used pseudorabies virus injected into sympathetic ganglia to retrograde label 

spinally projecting regions of the brain have indicated that in addition to the RVLM, the 

ventromedial medulla, the raphe nuclei, the paraventricular nucleus of the 

hypothalamus, and the A5 region are all involved in control of SNA (Strack, et al., 1989).  

It is possible that the chronically elevated SNA observed in conditions related to CVD 

may be a result of increased neuronal activity in regions other than the RVLM, or may 

be due to multiple regions exhibiting small increases in neuronal activity that could be 

below the level which is detectable by MEMRI.  These possibilities are already being 

investigated by our group, examining other regions involved in control of SNA in 

addition to the RVLM. 
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A third potential reason for the lack of observed difference in neuronal activity is 

the possibility that resting neuronal activity of RVLM neurons may not have been 

different between the groups of rats used in this study.  In Chapter 2 of this dissertation, 

unit activity of individual RVLM neurons and SSNA were assessed in anesthetized 

sedentary and physically active rats.  However, no differences were found in resting 

SSNA between groups, as was reported in the previous studies which examined SSNA 

in rats which were slightly younger (10-12 weeks of sedentary versus physically active 

conditions) (Mischel and Mueller, 2011;Subramanian and Mueller, 2016).  The 

possibility that resting activity of neurons in the RVLM may not be different between 

groups is indirectly supported by another recent study from our group that also did not 

find significant differences in resting SSNA in rats exposed to 12–15 weeks of sedentary 

versus physically active rats (Dombrowski and Mueller, 2017).  It is possible that there 

was an effect of age or some factor associated with age (e.g., a decrease in running 

wheel activity) which was able to reduce or eliminate the hypothesized differences 

RVLM activity between sedentary and physically active rats.  

Technical limitations 

MEMRI indicates changes in activity via uptake of the contrast agent, 

manganese, into neurons via voltage-gated calcium channels. In its divalent cationic 

form, manganese can have toxic effects at high concentrations (Eschenko, et al., 

2010b; Wendland, 2004; Bock, et al., 2008).  In this study, the manganese used was 

not administered in concentrations shown to produce toxic effects, 66 mg/kg (Eschenko, 

et al., 2010b; Wendland, 2004; Bock, et al., 2008).  Some studies using slightly larger 

doses have reported that rats exhibited mild symptoms of toxicity (e.g., weight loss and 

lethargy at 80 mg/kg doses) following manganese administration (Eschenko, et al., 
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2010b; Bock, et al., 2008).  While lethargy was not measured in this study, rats weighed 

significantly less at week 12, following administration of manganese, than they did at the 

week 11 imaging sessions, suggesting that imaging and administration of Mn2+ may 

have induced some physiological stress.  While the combined effects of imaging and 

manganese administration resulted in significant weight loss between week 11 and 

week 12, the animals did not lose an amount of body weight great enough to meet 

exclusionary criteria for removal from the study (20% or more).  On average, weight loss 

from week 11 to week 12 was 8 ± 1% in sedentary rats compared to 5 ± 1% in 

physically active rats, and the amount of weight lost was not significantly different 

between groups (two-tailed t-test, p = 0.09), suggesting that differences in levels of 

physical activity did not alter responses to manganese administration.  One possible 

explanation for the loss of weight across groups from week 11 to week 12 is 

dehydration due to the stress of manganese administration and repeated imaging.  If 

administration of manganese introduces physiological alterations, such as pain or 

dehydration, there may be an increase in neuronal activity among regions of the brain 

involved in control of SNA, such as the RVLM or the paraventricular nucleus of the 

hypothalamus (PVH) (Stocker, et al., 2004; Toney, et al., 2003).  It is possible that an 

increase in neuronal activity occurred within the PVH, an area that is known to project 

to, and alter neuronal activity within the RVLM (Stocker, et al., 2004; Toney, et al., 

2003).  This possibility is currently being investigated by our laboratory using the library 

of T1 weighted images collected during this study.  Manganese-induced increases in 

neuronal activity could result in a misinterpretation of the true effect caused by 

sedentary versus physically active conditions.  Ultimately, the potential effects of 

manganese administration should be considered in the design of experiments so as not 
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to confound interpretation of the results. 

An important technical limitation of MEMRI to consider is that of specificity.  

While MEMRI is able to demonstrate changes in the general level of neuronal activity, it 

is unable to indicate which types of cells are taking up and accumulating Mn2+ (Kikuta, 

et al., 2015).  Thus, interpretation of neuronal activity could be confounded by 

heterogeneity of neurons.  Though the RVLM is known for its population of 

barosensitive presympathetic neurons (Guyenet, 2006; Schreihofer and Guyenet, 

2002), the region has also been shown to contain respiratory-related glycinergic 

inhibitory neurons (Schreihofer, et al., 1999).  Therefore it is possible that if 

presympathetic neurons in sedentary rats were more active than those in physically 

active rats, this difference could be masked if the activity of glycinergic neurons was 

greater in physically active animals. 

Another factor to consider in using MEMRI is that of resolution.  In this study, four 

260 µm thick virtual slices of the RVLM were used to assess neuronal activity by T1 

weighted imaging.  While the rostrocaudal range of tissue in this study is similar to the 

aforementioned structural study on which these experiments were based (Mischel, et 

al., 2014), the previous study examined the RVLM in six 150 µm tissue sections.  It is 

therefore possible that the resolution at which the images in this study were obtained 

could be insufficient to demonstrate differences in neuronal activity if there were multiple 

small regions in the RVLM that responded differently to the experimental procedures. 

Indeed, recent evidence supports the idea that subregional neuroplasticity occurs in the 

RVLM as a result of sedentary versus physically active conditions, and that different 

regions of the RVLM may be differentially control separate sympathetic nerves 

(Subramanian and Mueller, 2016).  Similarly, the region traditionally defined as the 
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RVLM in coronal sections is larger than the area where the bulk of presympathetic 

neurons are found (Schreihofer and Guyenet, 1997; Llewellyn-Smith and Mueller, 

2013).  For these reasons, studies using MEMRI should carefully consider the 

resolution at which images are obtained and the potential for subregional variability in 

image intensity, and consider separately examining subregions within a region of 

interest. 

Perspectives 

Similar to the findings in Chapter 2 of this dissertation, which examined RVLM 

neurons by extracellular recording, we did not find significant differences in neuronal 

activity within the RVLM of sedentary versus physically active groups using MEMRI.  

This result was consistent between T1 map and T1 weighted imaging, and with regard 

to position along the rostrocaudal axis of the RVLM.  While these results are indeed 

self-supporting, the limitations inherent to MEMRI should be weighed into 

interpretations.  It is known that administration of Mn2+ for MEMRI can introduce the 

potential for physiological stress (Eschenko, et al., 2010b; Wendland, 2004), which may 

confound interpretation of data for areas of the brain involved in responses to stress.  

Future studies using MEMRI to examine the effect of risk factors for CVD might do well 

to use Mn2+ at lower doses than used in this study, provided such doses still induce 

significant increases in signal intensity within the RVLM (Huereca, et al., 2017), or 

administer Mn2+ more slowly (e.g., via osmotic minipump) to reduce the stress caused 

by subcutaneous, i.p., or i.v. administration (Bock, et al., 2008).  Future studies would 

also do well to consider the resolution at which MEMRI images the RVLM. Some MRI 

systems may be unable to detect regional differences in neuronal activity due to 

subregional organization in small animals such as mice and rats (Subramanian and 
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Mueller, 2016; Mueller, et al., 2011).  Larger animals might be better models for MEMRI 

studies, if the purpose of those studies is to examine differential control of sympathetic 

nerves due to subregional organization of the RVLM. 
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CHAPTER 4 - CONCLUSIONS AND PERSPECTIVES 

The purpose of these studies was to examine the role of the RVLM in generating 

the different levels of SSNA previously reported between sedentary and physically 

active rats (Mischel and Mueller, 2011; Subramanian and Mueller, 2016).  The 

hypotheses were; 1) RVLM neurons in sedentary rats would exhibit increased resting 

activity and a larger response to sympathoexcitatory stimuli compared to what would be 

observed in physically active rats, consistent with increased sympathetic outflow; 2) 

these neurons would also exhibit increased dendritic arborization in physically active 

animals, similar to that which was previously reported; and 3) assessment of general 

neuronal activity in the RVLM using MEMRI would show enhanced RVLM activity in 

sedentary versus physically active rats.  Chapter 2 examined the first hypothesis by 

obtaining extracellular recordings of neurons in the RVLM of anesthetized rats and 

assessing baroreflex sensitivity via intravenous infusion of SNP and PE.  The second 

hypothesis was also examined in Chapter 2 by juxtacellularly labeling neurons which 

had been assessed for barosensitivity.  Finally, the third hypothesis was examined in 

Chapter 3 by examining neuronal activity in the RVLM of awake, freely behaving 

sedentary and physically active rats using MEMRI. 

The main findings of these studies were; 1) barosensitive RVLM neurons did not 

show differences between sedentary and physically active rats in terms of resting 

frequency, maximum or minimum frequency, or slope of baroreflex curves; 2) though a 

small sample size (n=4 neurons from sedentary rats, n=7 neurons from physically active 

rats) prevents us from making a firm conclusion from this experiment, barosensitive 

RVLM neurons did not show differences between sedentary and physically active rats in 

terms of dendritic length or arborization; 3) resting neuronal activity within the RVLM 
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was not different between awake sedentary and physically active rats, as examined for 

the first time in awake rats using MEMRI. 

The general hypothesis behind these experiments was that activity of RVLM 

neurons would be greater in sedentary versus physically active animals.  This 

hypothesis was based on previous studies from our group which showed enhanced 

increases in SSNA in sedentary versus physically active rats following baroreceptor 

unloading via i.v. infusion of SNP or microinjection of the excitatory amino acid, 

glutamate, directly into the RVLM (Mischel and Mueller, 2011; Subramanian and 

Mueller, 2016), and that the RVLM bulbospinal C1 neurons exhibited enhanced 

dendritic branching and length in sedentary rats compared to physically active 

counterparts (Mischel, et al., 2014).  The significance of those studies was that they 

provided strong evidene of neuroplastic changes in the RVLM that may explain 

increases in SNA that are associated with a sedentary lifestyle, a major risk factor for 

CVD in humans (Malpas, 2010; Thom, et al., 2006; Mueller, 2007).  However, 

extracellular recordings of individual RVLM neurons in anesthetized animals, and 

assessment of general neuronal activity in the RVLM of awake animals via MEMRI were 

unable to demonstrate differences in neuronal activity between sedentary and physically 

active rats.  Similarly, these experiments were unable to demonstrate differences in 

SSNA between groups of animals, an effect which was observed in some studies 

previously published by our group (Mischel and Mueller, 2011; Subramanian and 

Mueller, 2016).  It is important to note that this study used slightly different models than 

the previous studies, with the animals in this study being slightly older, and so the 

results might not be directly comparable.  A study recently published by our group 

(Dombrowski and Mueller, 2017) using animals approximately the same age as those in 
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this study did not observe differences in resting SSNA between groups observed in the 

previously mentioned studies.  These data, along with other unpublished observations 

from our group suggest that age, or some factor associated with age (e.g., a decrease 

in running wheel activity) may be able to reduce the differences in SSNA observed 

between younger sedentary and physically active rats. 

The original question remains unanswered by the experiments presented in this 

dissertation; were the differences in SSNA seen between rats after 10-12 weeks of 

sedentary versus physically active conditions a result of changes in the RVLM?  While it 

is accepted that the RVLM is the primary regulator of SNA (Guyenet, 2006; Ross, et al., 

1984b; Schreihofer and Guyenet, 2002), it is possible that other regions involved in 

autonomic control may contribute to the observed differences in SSNA.  For example, 

neurons of the PVH are known to have excitatory glutamatergic projections to the RVLM 

(Stocker, et al., 2006), and have also been shown to have collateral axonal projections 

to the spinal cord and a correlation with SNA (Chen and Toney, 2010).  It is also 

interesting to note that nearly complete inhibition of SSNA can occur despite only partial 

inhibition of the RVLM (Schreihofer and Guyenet, 2000a), suggesting that the activity of 

RVLM neurons alone may not be sufficient to maintain SSNA in some circumstances.  

Ideally, animal models measuring neuronal activity in regions of the brain 

involved in autonomic control would be conducted in vivo, in a way that can examine 

multiple regions in the same animal, longitudinally.  While MEMRI is one attempt to do 

this, the model used in these experiments is not directly translational to human studies 

due to the toxicity of Mn2+ in humans (Guilarte, 2013; Dobson, et al., 2004). However, 

advances in the techniques used may make MEMRI in humans possible in the future.  

One manganese-containing MRI contrast agent was previously approved for use in 
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human liver imaging (Federle, et al., 2000a) and did not show clinically significant short-

term risks (Federle, et al., 2000b).  Theoretically, it is possible that in time, emerging 

technologies will allow us to test if risk factors for CVD the activity of neurons that affect 

SNA in animal models, and see if these changes translate to human models as well.  
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IACUC Protocol Approval Letter 
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ABSTRACT 
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CHARACTERISTICS AMONG PRESYMPATHETIC NEURONS OF THE ROSTRAL 
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Degree: Doctor of Philosophy 

A sedentary lifestyle is a major risk factor for the development of cardiovascular 

disease (CVD), the leading cause of death among Americans. Increasing evidence 

implicates increased sympathetic nerve activity (SNA) as the link between a sedentary 

lifestyle and CVD.  The research presented in this dissertation examines the region of 

the brainstem known as the rostral ventrolateral medulla (RVLM) and how its regulation 

of SNA changes as a result of sedentary conditions.  Our group has previously reported 

that sedentary conditions enhance splanchnic SNA in response to pharmacologically 

induced decreases in blood pressure or by direct activation of the RVLM via 

microinjection of the amino acid glutamate.  More recently, our group has published the 

first evidence of overt structural differences in phenotypically identified RVLM neurons 

from sedentary versus physically active rats.  Although collectively these studies 

suggest that a sedentary lifestyle results in increased activity and sensitivity of 

presympathetic RVLM neurons involved in blood pressure regulation, direct evidence of 

this proposed mechanism for the observed increased splanchnic SNA is lacking.  The 

studies presented in this dissertation use in vivo characterization and juxtacellular 
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labeling of RVLM neurons to examine the potential mechanistic connection and 

physiological relevance of overt changes in their structure and function and how they 

relate to enhanced SNA in sedentary versus physically active rats.  These cross 

sectional studies are complemented by longitudinally based studies of in vivo neuronal 

activity in the RVLM utilizing manganese-enhanced magnetic resonance imaging 

(MEMRI).  The information gained from these studies will contribute to our 

understanding of how a sedentary lifestyle contributes to the development of CVD and 

may provide information on new therapeutic targets in the brain to prevent or slow the 

progression of CVD. 
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