
Development of Manganese-Enhanced Magnetic Resonance 
Imaging of the Rostral Ventrolateral Medulla of Conscious Rats: 
Importance of Normalization and Comparison to Other Regions 
of Interest

Daniel J. Huerecaa,+, Konstandinos A. Bakoulasb,+, Farhad Ghoddoussic, Bruce A. 
Berkowitzd,e, Avril Genene Holtd,f, and Patrick J. Muellerb,*

aDepartment of Pharmacology, Wayne State University School of Medicine, Detroit, MI

bDepartment of Physiology, Wayne State University School of Medicine, Detroit, MI

cDepartment of Anesthesiology, Wayne State University School of Medicine, Detroit, MI

dDepartment of Anatomy and Cell Biology, Wayne State University School of Medicine, Detroit, MI

eDepartment of Opthlamology, Wayne State University School of Medicine, Detroit, MI

fJohn Dingell Veterans Administration Medical Center, Detroit, MI

Abstract

Spinally-projecting neurons in the rostral ventrolateral medulla (RVLM) are believed to contribute 

to pathophysiological alterations in sympathetic nerve activity and the development of 

cardiovascular disease. The ability to identify changes in the activity of RVLM neurons in 

conscious animals and humans, especially longitudinally, would represent a clinically important 

advancement in understanding of the RVLM’s contribution to cardiovascular disease. To this end, 

we describe the initial development of manganese-enhanced magnetic resonance imaging 

(MEMRI) for the rat RVLM. Manganese (Mn2+) has been used to estimate in vivo neuronal 

activity in other brain regions due to both its paramagnetic properties and its entry into and 

accumulation in active neurons. In this initial study, our three goals were to: 1) validate that Mn2+ 

enhancement occurs in functionally- and anatomically-localized images of the rat RVLM; 2) 

quantify the dose and time course dependency of Mn2+ enhancement in the RVLM after one 

systemic injection in conscious rats (66 or 33 mg/kg, i.p.); and 3) compare Mn2+ enhancement in 

the RVLM to other regions to determine an appropriate method of normalization of T1-weighted 

images. In our proof-of-concept and proof-of-principle studies, Mn2+ was identified by MRI in the 

rat RVLM after direct microinjection or via retrograde transport following spinal cord injections, 

respectively. Systemic injections in conscious rats produced significant Mn2+ enhancement at 24 

hours (p<0.05). Injections of 66 mg/kg produced greater enhancement than 33 mg/kg in the 

RVLM and paraventricular nucleus of the hypothalamus (p<0.05 for both), but only when 
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normalized to baseline scans without Mn2+ injection. Consistent with findings from our previous 

functional and anatomical studies demonstrating subregional neuroplasticity, Mn2+ enhancement 

was higher in the rostral regions of the RVLM (p<0.05). Along with important technical 

considerations, our studies support the development of MEMRI as a potential method to examine 

RVLM activity over time in conscious animal subjects.

Graphical Abstract

MEMRI produced extensive functional and anatomical localization of RVLM, a brain region 

important in blood pressure regulation. Conscious rats exhibited greater Mn2+ enhancement in 

rostral versus caudal RVLM (*, p=0.004) (A), consistent with increased dendritic branching 

reported previously (B). With important dose and image normalization considerations, these 

studies support continued development of MEMRI for examining RVLM activity in conscious 

subjects. The exciting possibility of longitudinal studies comparing physiological and 

pathophysiological conditions related to cardiovascular disease is proposed.
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Introduction

The rostral ventrolateral medulla (RVLM) is an important brainstem region involved in the 

maintenance of arterial pressure, via modulation of sympathetic nervous system activity1. 

RVLM neurons project directly to the intermediolateral cell column of the spinal cord and 

form monosynaptic connections with sympathetic preganglionic nerves2, 3. Functional 

studies support the role of the RVLM in blood pressure regulation as direct activation of 

RVLM neurons with microinjections of glutamate increases arterial pressure; whereas 

inhibition of the RVLM produces profound decreases in arterial pressure4–9. Although the 

RVLM is critically important to normal cardiovascular function, it is also implicated in 

dysregulation of sympathetic nerve activity, increased vascular tone and end-organ damage 

associated with several cardiovascular disease risk factors including hypertension, heart 

failure and a sedentary lifestyle10–13. Related to the latter, sedentary conditions have also 

been shown to produce a regionally-dependent neuroplasticity in the RVLM such that more 

rostrally located neurons exhibit greater dendritic branching and responsiveness to direct 

excitation by glutamate microinjection14, 15. As cardiovascular disease remains the leading 

cause of death in the United States, it is imperative to understand the central nervous system 

mechanisms by which these pathophysiological states develop and progress over 

time10, 12, 13, 16.

In animal studies, the activity of RVLM neurons has been assessed using techniques 

developed in both conscious and anesthetized preparations, including single unit 

recordings17–20 and Fos immunohistochemistry21–24. In humans, blood-oxygen-level 

dependent (BOLD) imaging has also been recently used to identify tonically active regions 

of the brainstem, which include the RVLM25. However, the use of methods to understand 

chronic changes in neural activity in conscious subjects are limited to large animals (single 

unit recordings), cross sectional post-mortem studies (Fos-type), or by methods with indirect 

inferences of neuronal activity (BOLD). Because of the importance of the RVLM in 

physiological and pathophysiological changes in blood pressure regulation, there is a critical 

need to develop complementary strategies which allow for repeated, high spatial resolution 

measurements of neuronal activity in the RVLM of awake subjects over time. Such 

techniques would be invaluable in determining the levels of involvement of specific brain 

regions during the development, progression and end-stage consequences of various 

cardiovascular diseases.

To address this important need, we have begun investigating the use of manganese-enhanced 

magnetic resonance imaging (MEMRI), which allows for non-invasive in vivo assessment of 

neuronal activity in the brain26–29. With chemical properties similar to those of the divalent 

ion calcium, Mn2+ enters excitable cells and because of its paramagnetic properties, areas 

with increased accumulation of Mn2+ can be visualized using MRI through the shortening of 

the T1 relaxation time of protons30. The combination of these properties: paramagnetism and 

activity-dependent accumulation in excitable cells, allows for subsequent detection at very 

high spatial resolution. Quantitation of Mn2+ enhancement also allows for differences in 

neuronal activity to be detected across experimental groups24. Furthermore, since Mn2+ can 

be administered systemically via intraperitoneal or subcutaneous routes to conscious, freely 

moving animals, the degree of Mn2+ uptake occurring over several hours can then be 
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monitored at later time points via MRI26, 27, 31. Lastly, since imaging can be done under 

acute, recoverable anesthesia, longitudinal studies can be performed on the same groups of 

animals 27, 32.

MRI is advantageous in part because different acquisition protocols allow for generation of 

different types of images, including T1-map and T1-weighted images, which can be then be 

used to test for internal consistency of results in the same animal. T1-weighted images are 

often normalized because they can vary according to multiple factors such as pulse 

sequence, coil placement and scanner hardware calibration26. In general, previous studies 

have normalized T1-weighted voxel intensities to nearby tissue such as muscle 26, 33. Other 

studies have performed baseline scans in the absence of Mn2+ injection and have reported 

data as an absolute or percent change from this baseline scan 34–36. To our knowledge, there 

has been no systematic analysis within a single study in which different types of 

normalization have been compared following a single administration of Mn2+ under the 

following conditions: 1) utilizing more than one concentration of Mn2+; 2) repeat scanning 

over time in a longitudinal fashion, and 3) obtained T1-map images during each of the 

scanning session in every animal to provide an additional level of validation.

In this initial study, our goals were to: 1) validate our proof-of-concept and proof-of-

principle studies that Mn2+ enhancement, via use of MEMRI, could be identified in 

functionally- and anatomically-localized regions of the RVLM on MRI scans of the rat 

brainstem; 2) quantify the dose dependency and time course of Mn2+ enhancement in the 

RVLM after one systemic injection in conscious rats (66 or 33 mg/kg, i.p.); and 3) compare 

Mn2+ enhancement in T1-weighted images of the RVLM to other regions and tissues for the 

purposes of validating an appropriate method of normalization. We hypothesized that the 

RVLM would be readily identified on MRI scans of anesthetized animals either following 

direct microinjection of Mn2+ into the RVLM or via retrograde transport of Mn2+ following 

injection into the spinal cord. Based on previous studies, we also hypothesized that 

following systemic administration, Mn2+ uptake would be significant after 24 hours and that 

a higher dose would produce a significantly greater enhancement. Finally, we hypothesized 

that different methods of normalization would yield consistent results.

Methods

Ethical statement

All experiments were approved by the Institutional Animal Care and Use Committee of 

Wayne State University and performed in accordance with the National Academy of 

Sciences’ Guiding Principles in the Care and Use of Animals as adopted by American 

Physiological Society. Male Sprague Dawley rats (Harlan, Indianapolis, IN) were housed in 

AALAC-accredited facilities with controlled temperature and light (12:12 light:dark cycle). 

Animals were placed in standard polycarbonate cages and given food (Purina LabDiet 5001: 

Purina Mills, Richmond, IN) and tap water ad libitum.
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RVLM MnCl2 microinjection studies

Four rats (421 ± 29 g, 13–23 weeks old) were used for proof-of-concept experiments in 

which MnCl2 was injected directly into the pressor region of the RVLM in order visualize 

Mn2+ enhancement upon subsequent MRI (see below). Injections of MnCl2 only, were 

performed post-mortem to ensure that MnCl2 was deposited directly into the RVLM and 

remained localized in the RVLM without influence of tonic neuronal activity or the 

possibility of retrograde transport. To this end, rats were anesthetized with Isoflurane (5% 

induction, followed by 2% maintenance) for RVLM microinjections similar to our previous 

studies6, 37. All rats had the following surgical manipulations performed: femoral arterial 

and venous catheterization; tracheostomy and placement of an endotracheal tube; splanchnic 

nerve electrode implantation; and exposure of the brainstem for RVLM microinjections 6, 37. 

After positioning the rats in a rodent stereotaxic instrument (Kopf; Tujunga, CA), Inactin 

was infused (100 mg/kg, i.v.) and isoflurane was withdrawn slowly. Microinjections of 

glutamate were performed using single barrel glass pipettes drawn to diameters of 10–30 

μm. Depending on the type of experiment being performed, different concentrations of 

glutamate (10 or 100 mM, 30 nl, respectively) were used to identify the pressor region of the 

RVLM based on expected dose-dependent increases in arterial pressure and sympathetic 

nerve activity observed in our previous studies 6, 38. At these concentrations and volumes of 

glutamate, responses were brief and quickly reversible, lasting approximately 10 seconds in 

duration, and were not predicted to have any effect on our ability to detect Mn2+ in the MRI 

when MnCl2 was injected post-mortem into the RVLM (see below). Using previously 

established stereotaxic coordinates6, 38, pipette tips were placed 3.4–3.8 mm below the 

dorsal surface of the brain, 0.8–1.2 mm rostral and 1.8–2.2 mm lateral to calamus 

scriptorius, under visual guidance of a dissecting microscope. Injections were performed 

using a calibrated reticule on a compound microscope (150X). At the end of the in vivo 
experiments and prior to receiving MnCl2 into the RVLM, animals were euthanized (Fatal-

Plus 0.2 ml; Vortech, Dearborn, MI). MnCl2 (MnCl2•4H2O, 1–800 mM, 3–30 nl prepared in 

2% Chicago Sky Blue 6B; Sigma-Aldrich, St. Louis, MO) was injected at the same 

coordinates in which pressor and sympathoexcitatory responses were identified by glutamate 

injections. As soon as the post-mortem microinjections of MnCl2 were completed, animals 

were brought to the MRI facility for scanning. The four animals used in this proof-of-

principle experiment were initially intended for other in vivo experiments, one of which 

involved sinoaortic denervation 14 days prior to acute microinjection of manganese. By 

design, microinjections of Mn2+ occurred in the post-mortem state, which minimized the 

possibility that Mn2+ spread outside the region of the RVLM which may have occurred in 

vivo due to movement of CSF, uptake by active neurons or by diffusion into and transport by 

the cerebral circulation.

Spinal cord injections of MnCl2 and retrograde tracing

To take advantage of the retrograde tracer properties of MnCl2 and to further confirm the 

region of the RVLM containing bulbospinal neurons on MRI scans, two additional rats 

(385g and 391g, 14 weeks old) were anesthetized for spinal cord microinjections of MnCl2 

using methods above and similar to our previous studies 39–41. Briefly, rats were 

anesthetized with isoflurane (5% induction, followed by 2% maintenance) and placed in a 

stereotaxic frame in order to perform an aseptic laminectomy at T9/T10. Microinjections of 
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MnCl2 (100 or 800 mM, 30 or 60 nl, respectively; Sigma-Aldrich) were performed into the 

intermediolateral cell column. Following microinjections, a small piece of gel foam was 

placed over the spinal cord and muscle. Skin layers were then closed separately with suture 

and surgical staples, respectively. Animals which received spinal cord injections were 

allowed to recover for 48 hours. This recovery time allowed for retrograde transport of Mn2+ 

from the spinal cord to the RVLM, and was based on the transport rates of Mn2+ (1–3 

mm/hr) reported in the literature 42–44.

Systemic injections of MnCl2 in conscious animals

Ten male, Sprague Dawley rats (97 ± 3g upon arrival, 5–6 weeks old at baseline scan) were 

initially scanned without an injection of MnCl2 to establish baseline signal intensities in the 

RVLM. To verify that the vehicle for Mn2+ preparations (i.e. normal saline) would have no 

effect on imaging results, we injected four of the ten rats with the same volume of normal 

saline (0.9%, 2.2 ml/kg, i.p.) that was used during subsequent MnCl2 injections. As with the 

MnCl2 injections, injections of normal saline were performed 24 hours prior to MRI 

scanning. Analysis of baseline scans from saline injected and non-injected animals revealed 

no significant differences in signal intensity (Student t-test, p=0.404). Therefore, individual 

baseline scans from each animal were used as one form of normalization by calculating the 

percent change in ROI mean voxel intensity between scans taken before and scans taken 

after injections of MnCl2. One week after baseline scans, non-injected and saline-injected 

animals were randomly divided into two groups and a single dose of MnCl2 (33 or 66 

mg/kg) was administered by intraperitoneal injection to each group (n= 5 per group, MnCl2 

injection equivalent to 167 and 333 mmol/kg, respectively). Based on our previous studies 

and others, these doses were expected to enhance voxel intensity in brainstem areas near the 

RVLM without causing detrimental behavioral, electrophysiological or neuroanatomical 

changes26, 27, 29, 45, 46. A single MnCl2 injection was given to each animal 24 hours before 

the second MRI session. Animals were then scanned weekly for three weeks without 

additional injections of MnCl2, in order to determine the time course of Mn2+ enhancement 

in multiple regions including the RVLM, PVH, pituitary gland, surrounding muscles, and 

cerebrospinal fluid (see data analysis below).

MRI scanning

For each imaging session, animals were weighed, anesthetized with isoflurane (5% 

induction; 2–3% maintenance) and placed in an animal carriage with a heated recirculating 

water platform to maintain body temperature. The head was stabilized by both a bite bar and 

the isoflurane nose cone. T1-weighted localizing MR images were used to ensure that the 

brain was level and the pituitary gland was centered in each scan. A 2-element phased array, 

receive-only surface coil for rat brain was placed over the dorsal surface of the rat’s head. 

Scans were performed on a 7T ClinScan system with a Siemens console controlled by the 

Syngo software (Siemens Corporation, Washington D.C, USA). (For details of imaging 

methods see Bissig and Berkowitz 2009 29; 2011 47).

T1-weighted imaging

A transmit-only whole body coil and receive-only surface coil were used to acquire two 

types of images based on a turbo-FLASH sequence for T1-weighted images: Scans acquired 
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with a slice-selective inversion pulse generated magnetization prepared rapid acquisition 

gradient echo (MPRAGE) and those without the inversion pulse produced proton density 

weighted (PDGE) images. MPRAGE and PDGE shared almost all parameters (flip angle of 

3°; TE 3.03 ms; NA 1; echo spacing 7.77 ms; matrix size 192×192×112; FOV 2.50 cm × 

2.50 cm × 2.91 cm; providing a resolution of 130 μm × 130 μm × 260 μm) and covered the 

same region of the brain; that is, along the entire rostrocaudal axis of the brain from the 

spinomedullary junction to the olfactory bulb. MPRAGE imaging took 16 minutes (8 

minutes per scan X 2 replicates) and PDGE imaging took approximately 6 minutes (3 

minutes per scan X 2 replicates). MPRAGE/PDGE ratio images were created to minimize 

unwanted influences on signal intensity e.g. distance from the surface coil 48. Because the 

PDGE image is essentially free of T1 weighting 49, the ratio image primarily represents 

tissue T1, with higher values within the pre-Mn2+ image implying higher endogenous 1/T1 

(i.e., white > gray matter) and higher values in post- versus pre-Mn2+ injection implying 

greater Mn2+ accumulation as in previous work 26, 47.

T1-mapping

During the same MRI sessions, separate T1-mapping scans were also performed on each 

animal. Region of interest (ROI) partial saturation T1-mapping data were acquired using a 

dual coil mode on the 7T Bruker Clinscan system: several multiple spin-echo images 

(TE=11 ms, Turbo factor=9, Echo Spacing=10.9 ms, four averages, 20 × 20 mm2, matrix 

size 192 × 192, resolution 104 μm) were acquired at different repetition times (TRs) in the 

following order (number of repetitions for each TR is given in between parentheses): 0.15 

seconds (6), 3.50 seconds (1), 1.00 seconds (2), 1.90 seconds (1), 0.35 seconds (4), 2.70 

seconds (1), 0.25 seconds (5) and 0.50 seconds (3). To compensate for reduced signal-noise 

ratios at shorter TRs, progressively more images (higher number of repetitions) were 

collected as the TR decreased 47. Each imaging session was approximately 15 minutes 

which allowed acquisition of 23 total images used in the construction of the final T1-map for 

each scan. Two T1-Map scans were performed to acquire two 400 μm slices that were 

designated as rostral and caudal RVLM by their common origin at the caudal pole of the 

facial nucleus.

The combination of T1-weighted scan time (~30 minutes) and T1-mapping scan time (2 X 

15 minutes) resulted in a total imaging time for each animal of approximately one hour. At 

the end of each imaging session, rats were removed from the MRI and animal carriage, 

placed on a heating pad and allowed to regain consciousness. Sternal recumbency was used 

to assess consciousness and once animals were fully conscious they were returned to their 

home cage.

Image processing

Image processing of whole brain scans was performed according to our previous study 26. 

Briefly, we used in-house developed R language scripts (v.2.9.0; R Development Core Team 

(2009); http://www.R-project.org) to provide 130 μm isotropic voxels for later processing 

instead of the original 130 μm x130 μm x 260 μm voxel dimensions. For each subject at each 

time point, the two summed MPRAGE images were divided by the two summed PDGE 

images on a voxel-by-voxel basis to produce the T1-weighted ratio images.
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T1-mapping images were processed as follows: single images acquired with the same TR 

were first registered (rigid body) and then averaged. These averaged images were then 

registered across TRs. ROIs were analyzed by calculating 1/T1 maps by first fitting to a 

three-parameter T1 equation (y=a + b*(exp(-c*TR)), where a, b and c are fitted parameters) 

on a pixel-by-pixel basis using R (v.2.9.0, R Development Core Team [2009]. R: A language 

and environment for statistical computing. R Foundation for Statistical Computing, Vienna, 

Austria. ISBN 3–900051–07–0) 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.). The reciprocal (1/T1) values were then assessed within defined ROIs using ImageJ (see 

below) and directly reflect Mn2+ levels47.

Defining ROIs

ROIs were manually drawn onto each image acquired to quantify Mn2+ enhancement similar 

to previous studies 26, 50. For the RVLM, ROIs were initially conceptualized using a 

combination of information provided by the direct microinjection proof-of-concept studies 

(Figure 1); the proof-of-principle studies using retrograde tracing (Figure 2); and traditional 

anatomical landmarks provided in a standard rat atlas51 and previous anatomical studies 

performed by our laboratory and others1, 12, 14, 41, 51. For the PVH, identification was done 

similarly, using traditional landmarks around the base of the third ventricle; caudal to the 

anterior commissure; the rat atlas 51; and anatomical studies from our laboratory and others 
52–55. From these images we obtained voxel intensities in multiple regions including the 

RVLM, PVH, pituitary gland, surrounding muscles, and cerebrospinal fluid. Based on our 

previous studies of subregional variation 14, 15, the RVLM was further divided into caudal 

and rostral subregions using the caudal pole of the facial nucleus as a reference landmark 

distinguishing between caudal and rostral regions. The RVLM and PVH as well as 

corresponding areas of muscle and cerebrospinal fluid were determined bilaterally.

To determine the effect of different types of normalization used in previous studies for other 

brain regions, we established ROIs for a tissue type other than brain (i.e. muscle), and for a 

region in which Mn2+ uptake was expected to be minimal at the time of the first scan (i.e. 

cerebrospinal fluid at 24 hours). For the RVLM, two different muscle groups were analyzed 

in order to account for similar dorsoventral and mediolateral locations relative to the RVLM. 

The cleidomastoid was located laterally at the same dorsal ventral position relative to the 

RVLM and the splenius muscle was located dorsally to the RVLM at the same mediolateral 

location relative to the RVLM. For the PVH, ROIs were obtained from the temporalis 

muscle, located at a similar dorsoventral depth on the same scans of the PVH. ROIs were 

also obtained from cerebrospinal fluid (CSF) located at the level of the RVLM (bilaterally) 

as well as from the cerebral aqueduct which was readily identifiable in all scans.

Mn2+ enhancement in the pituitary gland has been used as a positive control in previous 

studies from our laboratory 26, 27. We used ROIs taken from the pituitary to determine the 

effectiveness of our i.p. injections in the present study. The pituitary was identified in both 

coronal and sagittal views of T1-weighted images. ROIs were drawn in both the dorsoventral 

and rostrocaudal planes by switching back and forth between the sagittal and coronal views. 
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ROIs of the pituitary were completed in the mediolateral plane by utilizing the coronal view 

of each section. One ROI was used to estimate Mn2+ enhancement of the pituitary in each 

scan of every animal.

Image analysis

For analysis of T1-weighted images, manually drawn ROIs described above were placed on 

images using MRIcro v.1.40 56. ROI mean voxel intensities were obtained bilaterally within 

MRIcro using seven consecutive (for RVLM) and eight consecutive (for PVH) coronal slices 

along the rostrocaudal extent of the brain. For muscle normalization, ROI mean voxel 

intensities of the left and right RVLM and PVH were normalized to their respective lateral 

(cleidomastoid) and dorsal (splenius) for the RVLM and the temporalis muscle region for 

the PVH by the following formula: [Region of Interest Signal Intensity (ROI SI) = RVLM 

SI/Muscle SI *100]. Values from left and right sides were then averaged and reported as a 

single value for each slice. Mn2+ enhancement in RVLM and PVH were determined in two 

ways: 1) Individual 260 μm slices at each level of the RVLM (7 slices total) and PVH (8 

slices total) were averaged across animals and compared to determine sub-regional variation. 

2) Measures of total RVLM neuronal activity were estimated by averaging ROIs from four 

consecutive coronal slices (260 μm) which were taken caudal (2 slices) and rostral (2 slices) 

to the caudal pole of the facial nucleus. These boundaries were chosen based on previous 

studies from our laboratory and others that have defined the rostrocaudal location of 

bulbospinal catecholaminergic and non-catecholaminergic RVLM neurons 1, 39, 41. ROI 

mean voxel intensities from T1-weighted images of Mn2+ injected animals were normalized 

as percent change from the voxel intensity of baseline (i.e. non-Mn2+ injected) scan or using 

voxel intensities from the corresponding muscle regions for each brain area. For the pituitary 

gland, mean voxel intensities were created from each animal’s ROI and expressed in 

absolute terms to serve as a positive confirmation of Mn2+ uptake following i.p. injections.

For analysis of T1-mapping images taken of the RVLM only, ROIs were created based on 

the same criteria used for T1-weighted image and were analyzed in ImageJ. Voxel intensities 

representing absolute Mn2+ enhancement (1/T1 values) were obtained via custom ImageJ 

scripts used in our previous studies 57. Left and right 1/T1 values were averaged for mean 

Mn2+ enhancement in both the left and right RVLM. ROI mean voxel intensities from T1-

mapping images were expressed in absolute terms (1/T1 ratio).

Statistics

All data were analyzed using SigmaStat Version 3.5 (Systat Software, San Jose, CA). One 

and two way repeated measures analyses of variance were used and when significant 

interactions occurred, posthoc multiple comparisons tests (Holm-Sidak) were performed for 

further interpretation of the data. A standard two-tailed Student’s t-test was used to asses 

potential differences between baseline values of saline injected versus non-injected signal 

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

data are expressed as mean ± standard error of the mean.
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Results

Proof-of-concept microinjection studies

Consistent with previous studies6, 58, in vivo microinjections of glutamate (10 or 100 mM, 

30 nl) produced prompt and significant increases in arterial pressure (Δ 17±2 mmHg, n=4). 

Following post-mortem microinjections of MnCl2 at the same coordinates that produced the 

pressor responses, subsequent MRI scanning revealed prominent Mn2+ enhancement along 

the rostrocaudal axis of the ventrolateral medulla very similar to our previous studies using 

dye microinjections to identify injection sites6, 58. Figure 1 contains a set of rostrocaudal T1-

weighted images from an individual animal which was injected with MnCl2 into the RVLM 

in the post-mortem state. In this case, as with other similar volumes and concentrations, 15 

nl of 400 mM MnCl2 administered into the RVLM increased voxel intensity. ROI mean 

voxel intensity peaked near the ventral aspect of the caudal pole of the facial nucleus, the 

anatomical landmark classically used to define the RVLM 1. Figure 1 also demonstrates the 

utility of matching T1-weighted images taken in series (left) with those in a standard rat atlas 

(right)51. In this case, Mn2+ enhancement was greatest at −12.12 mm from Bregma and 

diminished in both rostral and caudal directions in a fairly symmetrical pattern, consistent 

with the anatomically defined region of the RVLM. Similar results were found in the other 

animals with direct post-mortem microinjections of Mn2+. Decreasing ROI mean voxel 

intensities were observed at lower concentrations (1–100 mM) and volumes (3–15 nl; data 

not shown).

Proof-of-principle spinal cord injection studies

As shown in Figure 2, injection of MnCl2 (60 nl, 800 mM) into T9/T10 of the spinal cord 

resulted in an increase in voxel intensity in the region of the brainstem consistent with the 

location of one subset of bulbospinal barosensitive neurons, which are known to project to 

the T9/T10 region. The pattern and distribution of Mn2+ enhancement was very similar to 

that produced in our previous studies in which we injected different retrograde tracers at this 

same level of the spinal cord 39–41. As similarly identified by the glutamate injections in our 

proof-of-concept studies, this area corresponds to that previously described as the RVLM; 

that is, the region located ventral to the nucleus ambiguus, lateral to the pyramidal tracts and 

medial to the spinotrigeminal tract 1, 12.

Systemic injections of MnCl2 in conscious animals

The use of anesthesia in proof-of-concept and proof-of-principle studies limited our 

interpretations of both studies, but allowed us to clearly define and confirm the location of 

the RVLM in our studies in conscious animals. Body weights obtained during the protocol 

are shown in Table 1. Rats in each group (33 mg/kg and 66 mg/kg) gained weight at typical 

rates (30–40 g/week) for animals of this age and strain. A slight decrease in body weight (6 

and 8%) tended to be observed in 33 mg/kg and 66 mg/kg groups, respectively, 24 hours 

after injection of MnCl2; but did not reach significance via two way RM ANOVA. Increases 

in body weight from Day 1 to Day 8 did appear similar to or greater than that occurring the 

week prior to MnCl2 injection, suggesting there were no prolonged effects of the single dose 

of MnCl2 on body weight. Lastly, there was no main effect of dose on body weights over the 

course of the study (p>0.05, Two way RM ANOVA; Table 1).
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T1-weighted Imaging

RVLM—A representative T1-weighted image and corresponding ROI for the RVLM is 

shown in Figure 3A. Figure 3B demonstrates the time course of results of repeated T1-

weighted scanning of animals at each post-injection time point and are expressed as percent 

change to normalize to non-Mn2+ injected baseline scans in each animal. Similar to T1-map 

scanning (see below), single injections of 33 or 66 mg/kg increased ROI mean voxel 

intensities at the initial scan of 24 hours and decreased thereafter over time (Figure 3B). 

Also, similar to T1-map scanning, there was a significantly greater change in animals 

injected with 66 mg/kg compared to animals injected with 33 mg/kg MnCl2 (Figure 3B).

T1-weighted imaging also afforded us the opportunity to analyze Mn2+ enhancement along 

the rostrocaudal axis of the ventrolateral medulla using percent change in each 260 μm scan 

relative to its non-Mn2+ injected baseline scan. This analysis in animals injected with 66 

mg/kg MnCl2 revealed a pattern of increased signal intensity in the more rostral regions of 

the RVLM, compared to the more caudal portions (p<0.05, main effect, Figure 4A). 

Interestingly, these results bear a striking similarity to our previous study examining a 

pattern of increased dendritic branching in more rostral regions of the RVLM from sedentary 

rats (replotted in Figure 4B). We speculate the pattern of increasing caudal to rostral signal 

intensity was not observed in animals injected with 33 mg/kg MnCl2 because of a lower 

contrast-to-noise ratio (data not shown).

PVH—Figure 5 represents a T1-weighted scan of the PVH (Figure 5A), obtained during the 

same scanning sessions for the RVLM, as well as the time course of Mn2+ enhancement as a 

percent of each animal’s baseline scan (Figure 5B). Similar to the RVLM, when PVH scans 

were normalized to their respective baseline scans, there was a significant effect of time and 

dose for Mn2+ enhancement. ROI mean voxel intensities decreased to levels not significantly 

different from baseline intensity after 22 days (p<0.05).

RVLM versus PVH—We directly compared Mn2+ enhancement in the RVLM and PVH to 

understand how Mn2+ enhancement occurs in different brain regions involved in 

cardiovascular regulation. As mentioned above separately, both regions exhibited significant 

main effects of dose and time with similar patterns of increased enhancement at 1 and 8 days 

and the higher 66 mg/kg dose producing greater levels of enhancement compared to the 33 

mg/kg dose. On a percent basis, 66 mg/kg produced a 21±3% increase in enhancement 

relative to baseline in the RVLM at 24 hours, whereas the same dose produced a 26±3% 

enhancement relative to baseline in the PVH after 24 hours. In contrast, 24 hours after the 33 

mg/kg injections, the RVLM appeared to have a lower level of Mn2+ enhancement (8±1%) 

compared to PVH (17±1%).

Pituitary gland—MnCl2 produced significant increases in absolute voxel intensity in T1-

weighted images of the pituitary gland (Table 2) and allowed secondary verification that our 

i.p. MnCl2 injections produced robust levels of enhancement as would be expected in each 

animal. As with T1-map results of the RVLM, absolute voxel intensities measured in T1-

weighted scans in the pituitary gland were highest at 24 hours, significantly higher for 66 vs 

33 mg/kg and diminished gradually over time (Table 2).
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Cerebrospinal Fluid—We examined regions containing cerebrospinal fluid in each slice 

containing the RVLM as well as in the cerebral aqueduct which was readily identifiable in 

MRI scans from all animals. There were no significant differences in ROI mean voxel 

intensity at 24 hours or 8, 15, or 22 days following 66mg/kg of MnCl2 compared to non- 

MnCl2 injected baseline values in regions of cerebrospinal fluid in scans of the RVLM or the 

cerebral aqueduct (Table 3). These data suggest that Mn2+ was cleared from the 

cerebrospinal fluid of our animals within 24 hours at either dose, consistent with reports 

from previous studies.

Muscle tissues used for normalization—Figure 6A indicates representative ROIs for 

both the lateral muscle group (i.e. cleidomastoid) and dorsal muscle group (i.e. splenius). In 

the lateral muscle group, injection of Mn2+ showed no main effect of time or effect of dose 

(p>0.05 for both and no interaction) when expressed as a percent change relative to non-

Mn2+ injected baseline scans (Figure 6B). In contrast, Mn2+ enhancement increased 

significantly in the dorsal muscle group and a main effect of time when expressed as a 

percent change relative to non-Mn2+ injected baseline scans (Figure 6C). However, similar 

to the lateral muscle group, there was no significant effect of dose on Mn2+ enhancement in 

the dorsal muscle group (p>0.05).

Normalization of T1-weighted Scans of RVLM and PVH to Neighboring Muscle Tissue

RVLM—Figure 7A and 7B demonstrates the effects of normalizing Mn2+ enhancement in 

the RVLM to lateral and dorsal muscle tissue. Normalizing RVLM ROI mean voxel 

intensities to the lateral muscle region resulted in no significant effect of time or dose 

(Figure 7A). Similarly, normalization of RVLM ROI mean voxel intensities to the dorsal 

muscle region resulted in no significant effect of dose but did result in a significant main 

effect of time (Figure 7B) and suggested a slight but significant increase in Mn2+ 

enhancement over time independent of dose.

PVH—Normalization of PVH scans to the nearby temporalis muscle demonstrated a signal 

intensity pattern was elevated at 24 hours post injection compared to non-injection control at 

Day −7. Interestingly, ROI mean voxel intensity continued to increase after 24 hours, 

reaching peak values at 8 and 15 days for 66 and 33mg/kg doses, respectively (Figure 7C).

T1-Map Imaging

Figure 8A demonstrates a representative image using T1-mapping in a 400 μm slice of the 

rat brainstem taken at the level of the RVLM. Figure 8B illustrates the time course of results 

obtained at the five study time points including the non-MnCl2 injected baseline scan (Day 

−7) and at 1, 8, 15 and 22 days after injections of 33 or 66 mg/kg injection. There were 

significant main effects of time and dose for the 1/T1 ratio when examined by two-way RM 

ANOVA, suggesting increases in Mn2+ enhancement in the RVLM that was greater 

following injection of 66 mg/kg vs. 33 mg/kg MnCl2. The results showed that 1/T1 varied at 

baseline between 0.62±0.03 and 0.67±0.03 and reached a maximum between 0.72±0.03 and 

0.82±0.04 at 24 hours for injections of 33 and 66 mg/kg injections, respectively. A 

significant interaction between dose and time allowed for post hoc testing which revealed 

significant increases in Mn2+ enhancement one day after MnCl2 injection compared to the 

Huereca et al. Page 12

NMR Biomed. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



non-MnCl2 injected baseline scan for both doses (Figure 8B). Injections of 66 mg/kg MnCl2 

produced greater Mn2+ enhancement compared to injections of 33 mg/kg MnCl2 at both one 

and eight days following MnCl2 injection (Figure 8B).

Discussion

The most important and novel findings of this study are that: 1) The rostral region of the 

ventrolateral portion of the medulla containing tonically active, bulbospinal neurons is 

readily identified in MRI images immediately following direct injection of MnCl2 into the 

RVLM or via retrograde transport from injections performed in the spinal cord of rats two 

days prior to MRI. 2) Systemic injections of MnCl2 produced signal intensities in the RVLM 

that were significantly elevated at 24 hours compared to baseline non-Mn2+ injected scans. 

3) Signal intensities were dose-related with 66 mg/kg MnCl2 producing significantly greater 

enhancement than 33 mg/kg. 4) Normalization of T1-weighted scans to muscle tissue from 

the same scans used to generate data from the RVLM or the PVH did not consistently result 

in predicted time- or dose-dependent effects compared to when data were simply normalized 

to baseline, non-Mn2+ injected scans. RVLM data normalized to baseline scans produced 

similar results to RVLM data generated from scans using T1-mapping, the latter of which 

was performed in every animal at the same time points. 5) Finally, and most intriguing to us, 

serial slice examination (260 μm/slice) provided by T1-weighted imaging allowed us to 

report significantly greater Mn2+ enhancement in more rostral subregions of the RVLM. 

These exciting findings lead us to speculate that enhanced dendritic branching and glutamate 

sensitivity observed in more rostral regions of the RVLM reported in our previous study15, 39 

may translate into increases in neuronal activity in the same subregions of the RVLM 

reported here. These developmental studies support the continued exploration of MEMRI as 

a promising tool for examining the RVLM and other cardiovascular-related brain regions, 

with advantages in the use of both T1-weighted and T1-mapping imaging modalities.

One of the more novel findings from this study was the differential pattern of Mn2+ 

enhancement within sub-regions of the RVLM; that is, ROI mean voxel intensities were 

significantly greater in the more rostral compared to caudal regions of the RVLM (Figure 4). 

The enhanced branching in our previous study was reported specifically for bulbospinal, 

catecholaminergic neurons and in a pattern with a striking similarity to the increased ROI 

mean voxel intensity in T1-weighted images of the current study 39. Given that the rats in the 

present study were not exercised, and therefore fairly similar to the sedentary rats in our 

previous study, it is tempting to speculate that our current results provide a functional 

correlate to the structural plasticity observed in our previous study 39. They also corroborate 

our more recent finding of enhanced resting splanchnic sympathetic nerve activity as well as 

augmented responses to direct stimulation of more rostral regions of the RVLM in sedentary 

but not physically active rat 15. We contend that increased dendritic arborization likely 

promotes enhanced resting neuronal activity and reactivity to glutamate in more rostral 

regions of the RVLM, resulting in enhanced resting and stimulated sympathetic nerve 

activity reported in our previous studies 6, 37. Certainly confirmation of these speculations 

require direct comparison of Mn2+ enhancement in the RVLM of sedentary versus 

physically active animals, studies which are currently ongoing in our laboratory.
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Since to our knowledge this is the first report to provide MRI data from the RVLM of 

conscious rats, it was important for us to validate that the anatomy of the RVLM was 

properly demarcated by ROIs, which did not vary over time in the present study. We 

confirmed this in several ways, using both proof-of-concept and proof-of-principle studies. 

First, we performed a proof-of-concept study to ensure that conditions existed in which 

MnCl2 affected the relaxation rate of RVLM tissue within the region that contained neurons 

involved in blood pressure regulation. We did so by injecting MnCl2 directly into sites pre-

identified in vivo via well-established microinjection techniques used in several our previous 

studies 6, 37, 59. Injections of MnCl2 were performed post-mortem to ensure that MnCl2 was 

deposited directly into the RVLM and remained localized in the RVLM without influence of 

tonic neuronal activity or the possibility of retrograde transport. Post-mortem 

microinjections of MnCl2 produced MRI enhancement patterns across the rostrocaudal axis 

very similar to those produced by dye injections used to demarcate glutamate injection sites 

in our previous studies 6, 37, 59. Injections of MnCl2 in the post-mortem condition would 

likely influence T1 relaxation due to the reduction in body temperature; however, since the 

experiment was anatomical not functional, the drop in body temperature did not negate our 

ability to locate enhancement on MRI scans. The experiments provided conceptual proof 

that when present at sufficient concentrations, MnCl2 affects the relaxation rate of the 

RVLM tissue and could be detected in the RVLM upon subsequent MRI.

Our proof-of-principle studies took advantage of the tract tracing properties of Mn2+ 42, 60 

by injecting it into the intermediolateral cell column of the spinal cord, where bulbospinal 

RVLM neurons are known to terminate upon sympathetic preganglionic neurons 39–41. As 

shown in Figure 2, following a 48 hour period for retrograde transit time, MRI scanning 

resulted in the classic oval shaped pattern of Mn2+ enhancement within the RVLM. 

Although a variety of shapes have been used to demarcate the shape of the RVLM, this 

pattern of Mn2+ enhancement was remarkably similar to that reported previously by us and 

others in studies of bulbospinal RVLM neurons using immunohistochemical and 

immunofluorescent staining techniques in combination with tract tracers1, 12, 14, 41, 51. These 

proof-of-principle studies provided evidence that when sufficient quantities of MnCl2 were 

taken up by active spinally-projecting neurons of the RVLM, we were able to visualize Mn2+ 

enhancement upon subsequent MRI scanning. Thus, the results of both proof-of-concept 

(brainstem microinjection) and proof-of-principle (spinal cord microinjection) experiments 

were in good agreement and allowed us to visualize the location of the RVLM within the 

context of traditional and non-traditional landmarks in MRI images aided additionally by 

comparisons with a standardized rat atlas 51.

One of the main strengths of studies utilizing MEMRI has been the ability to repeatedly 

image the same animals over time allowing for longitudinally-based studies. However, 

previous studies examining Mn2+ enhancement over time in other brain regions have shown 

that temporal patterns may be particular to specific brain regions and are likely dependent on 

the properties of the region itself 61–64. Thus, establishing a time course of Mn2+ 

enhancement in the RVLM following a single injection in conscious animals was important 

for two reasons: 1) it allowed for selection of an appropriate time course for imaging the 

RVLM following systemic injections and 2) it established the necessary amount of time 

required between injections of MnCl2 when a reinjection protocol is warranted for a 

Huereca et al. Page 14

NMR Biomed. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



longitudinal-type study design. The results of the present study suggest that Mn2+ 

enhancement in the RVLM returns to levels not significantly different from baseline by day 

15 post-injection even when a higher dose such as 66 mg/kg is used. These findings are 

consistent with previous studies examining Mn2+ enhancement levels in other brain regions, 

which have demonstrated a decrease in signal enhancement over the course of 2–3 weeks 
62, 63. Furthermore, previous studies reported that 99% of MnCl2 is eliminated in feces 

within five days 65, 66. Thus, we recommend that future longitudinal studies examining 

neuronal activity in the RVLM and utilizing multiple time points of analysis wait a 

minimum of two weeks in between systemic injections to ensure Mn2+ levels have returned 

to baseline levels in the RVLM.

As mentioned above, another main objective of this study was to test two different 

concentrations of MnCl2 for use in future studies examining neuroplasticity under different 

physiological and pathophysiological states. We considered that a concentration of MnCl2 

would be deemed effective for longitudinal studies if it 1) produced elevated signal 

intensities within the anatomically defined region of the RVLM following systemic 

injections and 2) returned to baseline levels within a reasonable time to permit additional 

injections and scanning over the time course of a study. Following this rationale, larger 

concentrations of MnCl2 would not necessarily be conducive for longitudinal studies if they 

produced a delayed return to baseline. As hypothesized, injections of 66 mg/kg MnCl2 

produced greater ROI mean voxel intensities when compared to 33 mg/kg in both T1-

weighted and T1-mapping images, respectively. Animals injected with 33 mg/kg showed 

increased Mn2+ enhancement at 24hrs with T1-mapping (>10% relative to baseline), but not 

as much of an increase in ROI mean voxel intensity on a relative basis with T1-weighted 

scanning (<10% relative to baseline). We believe these results reflect the quantification 

process used for the individual types of images collected and that the variability and signal-

to-noise in T1-weighted voxel intensities may have limited our ability to observe equivalent 

increases in Mn2+ after the 33 mg/kg dose. In either case, when normalized to baseline scans 

(see below), our results are consistent with other studies showing a dose dependent increase 

in Mn2+ uptake in multiple regions in the brain 67, 68 and favor the use of 66 mg/kg over 33 

mg/kg to produce a more consistent signal enhancement in the RVLM to discern differences 

between experimental groups. It is also worth mentioning that in the present study, there was 

a slight but insignificant decrease in mean body weight 24 hours after MnCl2 injections at 

both doses (Table 1). This effect was transient and the animals regained their original weight 

within a few days. The doses in the current study were chosen because they have been 

considered non-toxic based on the lack of significant changes in normal behavior, 

electrophysiology or neuroanatomy reported in studies utilizing systemic administration 
26, 27, 29, 45, 46. We recommend careful consideration of dose as well as potential transient 

effects of MnCl2 administration when interpreting results.

An important issue in using T1-weighted scanning techniques is the common practice of 

normalization26,69. Because we performed scans in the absence of Mn2+ injection, we were 

able to compare normalization of T1-weighted images for both the RVLM and PVH to a 

baseline scan as well as to surrounding muscle tissue. For the RVLM, we normalized 

separately to two different muscle groups based on their similar dorsoventral or mediolateral 

locations relative to RVLM. Even with these considerations taken into account, there were 
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no consistent effects of time or dose that were analogous with the time course observed in 

the T1-mapping studies or when data were normalized to baseline scan. Normalizing the 

RVLM to baseline scans produced results that were nearly identical to similarly timed but 

separately obtained T1-mapping results. We found also similar results for the PVH; that is, 

when normalizing to baseline scans signal intensity increased significantly at 24 hours 

followed by a predictable decline over the remaining course of the experiment. Again, 

similar to RVLM, normalization of the PVH to a nearby muscle group exhibited a slight but 

significant increase in signal intensity at 8 or 15 days, depending on the dose administered. 

Thus, although normalization of the RVLM and PVH to their respective muscle groups 

likely reflects different patterns of Mn2+ enhancement in brain versus muscle tissue, the 

results of the present study support performing and normalizing to non-injected baseline 

scans, when possible. Lastly, to control for potential variation in the MRI scanner over time, 

we quantified Mn2+ enhancement of cerebrospinal fluid in two locations, one in the same 

scans of the RVLM and the other in the cerebral aqueduct, which was readily identifiable in 

every animal. Neither cerebrospinal fluid measurements showed a significant increase in 

Mn2+ enhancement at 24 hours or variation at any other time point when compared to 

baseline values. These data suggests that cerebrospinal fluid may serve as an appropriate 

time-based control under circumstances where it is cost prohibitive or otherwise impractical 

to perform a longitudinal study that includes a non-Mn2+ injected control group.

Alternatively, T1-mapping images do not depend on normalization to surrounding tissue to 

correct for, for example, B1 inhomogeneities and thus are more representative of absolute 

Mn2+ concentration compared to T1-weighted images 27, 29, 62. The manner in which T1-

weighted imaging was used in this particular study did allow for rostrocaudal analysis (260 

μm slices), in addition to allowing us to examine whether other brain regions (PVH; 

pituitary) and different tissue (muscle) and fluids (CSF) could be used for normalization. 

Although T1 map imaging was used only for validation purposes in this study, it can also be 

configured to produce serial slicing of the brain. However, the reduced time, effort and 

expense of T1 weighted imaging may be a reasonable alternative for studying the RVLM 

and perhaps PVH.

In summary, it is well known that increased sympathetic outflow is a major risk factor for 

the development of cardiovascular diseases such as hypertension and chronic heart failure70. 

Evidence from the current study is intriguing in that it suggests that increased neuronal 

activity in subregions of the RVLM are consistent with the structural and functional 

neuroplasticity we have reported in previous studies of the RVLM following sedentary 

conditions15, 39. However, and importantly, the time frame and mechanisms by which 

neuroplasticity occurs in sedentary versus physically active animals develops are unclear. In 

other words, whether sedentary conditions increase dendritic branching/neuronal activity, 

chronic exercise decreases dendritic branching/neuronal activity, or if both occur to produce 

the relative difference between the groups is currently unknown. The benefit of longitudinal 

MEMRI studies would be that neuronal activity can be measured at multiple time points 

within the same animal. The results of this study support performing non-injected baseline 

scans, when possible, due to their usefulness in predicting timelines similar to that observed 

in T1 map images. This similarity was not observed when using two different muscle groups 

at similar mediolateral or dorsoventral positions to attempt normalization. Based on the 
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results of the current study, we also conclude that future studies could utilize multiple 

systemic injections, a minimum of two weeks apart, and may provide in vivo assessments of 

Mn2+ enhancement linked to alterations in neuronal activity due to sedentary conditions, 

physically active conditions or both.
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Abbreviations

BOLD blood-oxygen-level dependent

CSF cerebrospinal fluid

Mn2+ Manganese

MnCl2 manganese chloride

MEMRI manganese-enhanced magnetic resonance imaging

MPRAGE magnetization prepared rapid acquisition gradient echo

NA nucleus ambiguus

Pfl paraflocculus

PVH paraventricular nucleus of the hypothalamus

PDGE proton density gradient echo

Py pyramidal tract

ROI Region of interest

RVLM rostral ventrolateral medulla

Sp5 spinal trigeminal tract

7 facial nucleus
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Figure 1. T1-weighted images following proof-of-concept study utilizing microinjection of MnCl2 
into the pressor region of the RVLM
MnCl2 (400 mM, 15 nl) was microinjected at the same coordinates used to functionally 

identify the RVLM by microinjection of glutamate (10 mM, 30 nl). MRI images (left) are 

matched rostrocaudally to diagrams drawn using a rat atlas for reference (right, Paxinos and 

Watson, 2007). In pseudocolored MR images, darker colors (blue) represent less Mn2+ 

enhancement and brighter colors (green, yellow, orange) represent greater Mn2+ 

enhancement. Shaded areas in diagrams represent the location of bulbospinal RVLM 

neurons (Schreihofer and Sved, 2011; Mueller and Llewellyn-Smith, 2013). Abbreviations: 

Sp5 = spinal trigeminal tract; 7 = facial nucleus; Py = pyramidal tract; NA = nucleus 

ambiguus; Pfl = paraflocculus; RVLM = rostral ventrolateral medulla.
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Figure 2. T1-Map MEMRI image following proof-of-principle study utilizing microinjection of 
MnCl2 (800 mM, 60nl) into the spinal cord at T9/T10
Animals were imaged 48 hours after spinal cord injection to allow for retrograde transport 

by bulbospinal RVLM neurons. MR image (right) is matched to a diagram drawn using a 

standard rat atlas for reference (left, Paxinos and Watson, 2007). Scale bar represents ≈ 1000 

μm. Abbreviations and color scheme as described in Figure 1.
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Figure 3. Mn2+ enhancement in the RVLM over time using T1-weighted imaging
A) Unprocessed, non-colorized T1-weighted MR image from one animal demonstrating 

detailed anatomy. ROI for the left RVLM is depicted in red and was used to determine voxel 

intensities in RVLM. B) Time course representing percent change in ROI mean voxel 

intensity in the RVLM following systemic injections of MnCl2 at Day 0 (not shown) and 

calculated as a percent change from non-Mn2+-injected baseline scans. ROI mean voxel 

intensity was highest at 24 hrs and significantly decreased over time in both groups (*, 

p<0.05 main effect of time). Voxel intensity was greater in animals injected with 66 mg/kg, 

compared to 33 mg/kg MnCl2 (#, p<0.05 main effect of dose).
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Figure 4. Comparison of caudal to rostral change in voxel intensity in the current study versus 
caudal to rostral change in dendritic branching from our previous study
A) Percent change in ROI mean voxel intensities of Mn2+ 24 hours after injection of 66 

mg/kg MnCl2, using T1 weighted MRI scanning. The x-axis represents caudal to rostral axis 

of the ventrolateral medulla relative to the caudal pole of the facial nucleus (designated as 

FN0 and 0 μm). A pattern of increasing Mn2+ uptake was seen from the caudal to rostral 

levels of the RVLM (*, p<0.05, main effect). B) Pattern of increased dendritic branching 

from caudal to rostral areas of the ventrolateral medulla observed in bulbospinal 

catecholaminergic RVLM neurons from our previous study (*, p<0.05, compared to 600 μm; 

modified from Mischel et al., 2014). Grey boxes represent the functionally and anatomically 

defined region of the RVLM.
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Figure 5. Mn2+ enhancement in the PVH over time using T1-weighted imaging
A) Unprocessed, non-colorized T1-weighted MR image from one animal demonstrating 

detailed anatomy. ROI depicted in red and was used to determine voxel intensities in the 

PVH. B). Time course representing percent change in ROI mean voxel intensity in the PVH 

following systemic injections of MnCl2 at Day 0 (not shown) and calculated as a percent 

change from non-Mn2+-injected baseline scans. ROI mean voxel intensity was highest at 

24hrs and significantly decreased over time in both groups (*, p<0.05 main effect of time). 

ROI mean voxel intensity was greater in animals injected with 66 mg/kg, compared to 33 

mg/kg MnCl2 (#, p<0.05 main effect of dose).
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Figure 6. Mn2+ enhancement in muscle tissue surrounding the RVLM
A) Unprocessed, non-colorized T1-weighted MR image from one animal demonstrating 

detailed anatomy. ROIs are depicted in red and were used to determine voxel intensities for 

the lateral muscle (splenius, lower lateral ROI) and dorsal muscle (cleidomastoid, upper 

midline ROI) regions. B.) ROI mean voxel intensity in the lateral muscle region expressed as 

percent change from baseline scans showed neither a significant main effect of dose nor time 

following injection of MnCl2 (p>0.05, for both). C) ROI mean voxel intensity in the dorsal 

muscle region expressed as percent change from baseline scans following i.p. injection of 

MnCl2 showed a significant effect of time (*, p<0.05, main effect of time) but showed no 

significant effect of dose (p>0.05, main effect of dose).
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Figure 7. RVLM and PVH normalized to respective, adjacent muscle regions
A) RVLM ROI mean voxel intensity normalized to the lateral muscle tissue did not result in 

a significant dose or time effect (p>0.05 for both main effects). B) RVLM ROI mean voxel 

intensity normalized to the dorsal muscle tissue resulted in a small but significant time effect 

(*, p<0.05 main effect of time) but the patterns indicate an increase rather than a decrease in 

voxel intensity over time. RVLM ROI mean voxel intensity normalized to the dorsal muscle 

tissue did not result in an effect of dose (p>0.05 for main effect). C.) PVH ROI mean voxel 

intensity normalized to surrounding muscle tissue showed significant effect of dose (#, 

p<0.05) and time (*, p<0.05) however, the graph indicates an increase rather than decrease 

in voxel intensities over time.
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Figure 8. Mn2+ enhancement in the RVLM over time using T1-mapping
A) Unprocessed, non-colorized T1-mapping MR image from one animal demonstrating 

detailed anatomy. Red oval denotes outline of RVLM used for regions of interest (ROIs) 

calculations. B) RVLM 1/T1 values over time using T1-mapping. After i.p. injections of 33 

mg/kg or 66 mg/kg MnCl2 (n=5 for both), there were significant main effects of time and 

dose for the RVLM 1/T1 ratio. A significant interaction between dose and time allowed post 

hoc testing to reveal significant increases in Mn2+ enhancement one day after MnCl2 

injection compared to the non-MnCl2 injected baseline scan for both doses (*, p<0.05). 

Injections of 66 mg/kg resulted in greater Mn2+ enhancement compared to injections of 33 

mg/kg MnCl2 one and eight days after MnCl2 injection (#, p<0.05).
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Table 1

Time course of body weights of rats injected with 33 or 66 mg/kg MnCl2

Time point 33 mg/kg MnCl2 (n=5) 66 mg/kg MnCl2 (n=5)

Prior to Baseline Scan (Day −7) 157 ± 11 155 ± 26

Prior to MnCl2 injection (Day 0) 198 ± 11 185 ± 9

Prior to Day 1 scan 183 ± 8 177 ± 11

Prior to Day 8 scan 229 ± 6 215 ± 11

Prior to Day 15 scan 274 ± 6 260 ± 8

Prior to Day 22 scan 307 ± 4 291 ± 7

All weights are presented in grams as mean ± s.e.m.
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Table 2

Time course of absolute voxel intensities in the pituitary of rats injected with 33 or 66 mg/kg MnCl2.

Absolute Voxel Intensity in the Pituitary Gland

Time point 33 mg/kg MnCl2 (n=5) 66 mg/kg MnCl2 (n=5)#

Baseline Scan 1479 ± 29 1457 ± 34

1 day Scan 2689 ± 31* (Δ 67±12%) 2758 ± 43* (Δ 90±4%)

8 day Scan 2091 ± 109* (Δ 33± 8%) 2279 ± 76* (Δ 57±7%)

15 day Scan 1816 ± 39* (Δ 20± 3%) 2008 ± 39* (Δ 38±4%)

22 day Scan 1699 ± 26* (Δ 13± 3%) 1823 ± 23* (Δ 21±4%)

Absolute voxel intensities expressed in arbitrary units and percent change expressed relative to the Baseline Scan in each animals for each dose.

*
p<0.05 main effect of time compared to baseline;

#
p<0.05 main effect of dose.
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Table 3

Time course of absolute voxel intensities obtained from T1-weighted MRI scans of regions containing 

cerebrospinal fluid from rats injected with 66 mg/kg MnCl2 (n=5).

Time point Adjacent RVLM Cerebral Aqueduct

Baseline Scan 566 ± 35 388 ± 31

1 day Scan 590 ± 11 (Δ 6 ± 5%) 401 ± 42 (Δ 5 ±10%)

8 day Scan 621 ± 19 (Δ11 ± 8%) 413 ± 27 (Δ 9 ± 9%)

15 day Scan 587 ± 31 (Δ 5 ± 6%) 410 ± 21 (Δ 7 ± 5%)

22 day Scan 614 ± 16 (Δ10 ± 7%) 413 ± 18 (Δ 9 ± 9%)
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