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ABSTRACT
Increased activity of the sympathetic nervous system is

thought to play a role in the development and progres-

sion of cardiovascular disease. Recent work has shown

that physical inactivity versus activity alters neuronal

structure in brain regions associated with cardiovascu-

lar regulation. Our physiological studies suggest that

neurons in the rostral ventrolateral medulla (RVLM) are

more responsive to excitation in sedentary versus

physically active animals. We hypothesized that

enhanced functional responses in the RVLM may be

due, in part, to changes in the structure of RVLM neu-

rons that control sympathetic activity. We used retro-

grade tracing and immunohistochemistry for tyrosine

hydroxylase (TH) to identify bulbospinal catecholaminer-

gic (C1) neurons in sedentary and active rats after

chronic voluntary wheel-running exercise. We then digi-

tally reconstructed their cell bodies and dendrites at

different rostrocaudal levels. The dendritic arbors of spi-

nally projecting TH neurons from sedentary rats were

more branched than those of physically active rats

(P< 0.05). In sedentary rats, dendritic branching was

greater in more rostral versus more caudal bulbospinal

C1 neurons, whereas, in physically active rats, dendritic

branching was consistent throughout the RVLM. In con-

trast, cell body size and the number of primary den-

drites did not differ between active and inactive

animals. We suggest that these structural changes pro-

vide an anatomical underpinning for the functional dif-

ferences observed in our in vivo studies. These

inactivity-related structural and functional changes may

enhance the overall sensitivity of RVLM neurons to

excitatory stimuli and contribute to an increased risk of

cardiovascular disease in sedentary individuals.
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According to the Global Health Observatory, a data

collection arm of the World Health Organization, hyper-

tension is responsible for 12.8% of deaths worldwide

(Global Health Observatory, 2013). It is well established

that physical inactivity contributes independently to

many cardiovascular diseases, including hypertension

(Blair, 2009; Danaei et al., 2009). Increased activity in

the sympathetic nervous system is a hallmark of hyper-

tension (Grassi, 2010) and it is possible that physical

inactivity alone may contribute to the development of

hypertension by raising sympathetic activity (Mueller,

2010).

The rostral ventrolateral medulla (RVLM) contains

neurons that are integral to control of sympathetic

nerve activity and blood pressure (Guyenet, 2006;

Schreihofer and Sved, 2011). These neurons make

monosynaptic connections with sympathetic pregan-

glionic neurons (SPN) in the intermediolateral cell col-

umn (IML) of the spinal cord and can directly regulate

sympathetic outflow and thereby vascular tone (Deu-

chars et al., 1995; Zagon and Smith, 1993). Cardiovas-

cular responses to activation of RVLM neurons are

increased in animals with cardiovascular disease
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(Adams et al., 2007; Bergamaschi et al., 1995; Ito et al.,

1999; Stocker et al., 2007) and in physically inactive ani-

mals (Martins-Pinge et al., 2005; Mischel and Mueller,

2011; Mueller, 2007). In some animal models of hyper-

tension, vascular tone in the splanchnic bed seems to

be particularly important (Osborn et al., 2011). In fact,

increased splanchnic sympathetic tone supports blood

pressure in different forms of hypertension (Huber and

Schreihofer, 2011; King et al., 2007). Furthermore, we

have shown that, compared with physically active rats,

sedentary rats show enhanced splanchnic sympathetic

nerve responses to direct stimulation of the RVLM (Mis-

chel and Mueller, 2011). In view of these data, we have

hypothesized that changes in the function of RVLM neu-

rons that regulate splanchnic sympathetic outflow con-

tribute to the development of hypertension.

Structural and functional neuroplasticity in the CNS

occur in response to voluntary wheel running exercise

(Farmer et al., 2004; Van Praag et al., 1999). In particu-

lar, voluntary wheel running affects the dendritic mor-

phology of neurons in cardiorespiratory centers within

the CNS (Nelson and Iwamoto, 2006; Nelson et al.,

2005, 2010). Because dendritic outgrowth is associated

with synapse formation and maturation (Flavell and

Greenberg, 2008), increased dendritic branching of car-

diovascular RVLM neurons could at least partially

explain why sedentary animals have enhanced resting

splanchnic sympathetic tone and resting blood pressure

(Flavell and Greenberg, 2008; Mischel and Mueller,

2011). We hypothesize that physical inactivity may

increase sympathetic nerve activity by altering the

structure of bulbospinal neurons in the RVLM, specifi-

cally through an increase in dendritic branching and/or

an increase in the size of their cell bodies. These struc-

tural changes would be consistent with an increase in

excitability of bulbospinal RVLM neurons.

The purpose of this study was to analyze the somatic

morphology and dendritic branching patterns of adre-

nergic (C1) bulbospinal neurons in the RVLM. Along

with nonadrenergic (non-C1) bulbospinal neurons, C1

neurons regulate sympathetic outflow through their

inputs to SPN in the spinal cord (Schreihofer and Sved,

2011). Specifically, we examined C1 neurons that had

been retrogradely labeled from the lower thoracic cord.

SPN in this region are known to project to the coeliac

and superior mesenteric ganglia (Strack et al., 1988),

which contain almost all of the postganglionic neurons

that provide sympathetic innervation to the mesenteric

vasculature (Hsieh et al., 2000) as well as to the stom-

ach and small intestine (Quinson et al., 2001; Trudrung

et al., 1994). We compared results from sedentary rats

versus physically active rats that ran voluntarily on in-

cage running wheels. We examined rats after 11–12

weeks of activity or inactivity so that we could make

direct correlations with data from our previous physio-

logical study in which rats were assessed after 10–13

weeks of activity or inactivity (Mischel and Mueller,

2011). We digitally reconstructed bulbospinal C1 neu-

rons located in the traditional RVLM, the region

bounded by the pyramidal tract, the spinal trigeminal

tract, the nucleus ambiguus, and 600 lm caudal to the

facial nucleus (Schreihofer and Sved, 2011). We also

examined neurons just ventral and medial to the facial

nucleus (FN) up to 450 lm rostral to its caudal pole

because of our recent anatomical evidence that neu-

rons in this area are a significant fraction of the bulbo-

spinal C1 population (Llewellyn-Smith and Mueller,

2013). Our present results show that, after chronic

inactivity versus activity, the complexity of the dendritic

fields of putative cardiovascular C1 neurons in RVLM

increases, but there is no change in somatic morphol-

ogy or in the number of primary dendrites. In addition,

bulbospinal C1 neurons from sedentary animals exhib-

ited increased dendritic branching in rostral versus cau-

dal regions of the RVLM, whereas dendritic branching

in C1 neurons from physically active rats was consist-

ent along the entire rostrocaudal extent of the RVLM.

MATERIALS AND METHODS

All methods were approved by the Institutional Ani-

mal Care and Use Committee of Wayne State University

and were carried out according to the American Physio-

logical Society’s Guiding Principles in the Care and Use

of Animals. Food (Purina LabDiet 5001; Purina Mills,

Richmond, IN) and tap water were provided to the ani-

mals ad libitum.

Daily spontaneous running
For these studies, we used male Sprague-Dawley

rats (Harlan, Indianapolis, IN; n 5 11) weighing 75–100 g

(�4 weeks of age) at the time of delivery to Wayne State

University. Animals were housed in AALAC-accredited

facilities (i.e., controlled light and temperature) with

12:12-hour light:dark cycles beginning at 7 AM EST. Ani-

mals were placed individually in standard cages with or

without running wheels (Tecniplast, Eaton, PA; wheel

diameter 34 cm) for 11–12 weeks (physically active

group, n 5 6; sedentary group, n 5 5). Daily and cumula-

tive running data were recorded with bicycle computers

(Sigma Sport, Olney, IL) calibrated to the diameter of the

running wheels.

Spinal cord injections of retrograde tracer
Prior to spinal cord injections, active and sedentary

rats were paired randomly and coded so that the
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researchers who perfused the rats, processed the tis-

sue, and collected the data were blind with regard to

whether rats were sedentary or active. Once all data

had been collected, the identification code for each ani-

mal was used to separate sedentary and active rats

into their groups for data analysis. Pairs of sedentary

and active rats received spinal cord injections on the

same day in order to minimize day-to-day experimental

variability across groups. The injection protocol was as

described previously (Llewellyn-Smith and Mueller,

2013). Briefly, isoflurane-anesthetized rats were placed

in a stereotaxic apparatus with a spinal attachment

(Kopf Instruments, Tujunga, CA), and a laminectomy

was performed at vertebral level T9, exposing the T10

spinal cord segment. Three injections (60 nl each) of

cholera toxin B subunit (CTB; 1% in distilled water; List

Biological Laboratories, Campbell, CA) targeting the IML

were made along the rostrocaudal extent of T10 on

each side of the cord (six injections total). Three seden-

tary and three active rats received spinal cord injec-

tions after 11 weeks of running, and three sedentary

and three active rats received spinal cord injections

after 12 weeks of running. One sedentary rat in the first

group of animals died during spinal cord injection sur-

gery. This rat was not replaced so that there was one

unpaired active rat in the study. One additional rat,

which was not part of either the active or the sedentary

group, received similar spinal CTB injections. Rats

recovered for 1 week after tracer injection. They

received pain relief (Ketofen subcutaneously, 5 mg/kg;

Fort Dodge Animal Health, Fort Dodge, IA) once per

day for 2 days following surgery and were monitored

daily for normal ambulation and grooming. After tracer

injection and on the same day as the surgery, rats in

the active group were returned to cages containing run-

ning wheels.

Perfusion and tissue processing
One week after CTB injections, all rats were perfused

with 500 ml tissue culture medium (Dulbecco’s modi-

fied Eagle’s medium/Ham’s F12; catalog D-8900;

Sigma, St. Louis, MO), followed by 1 liter of fixative (4%

formaldehyde in 0.1 M phosphate buffer, pH 7.4).

Brains and spinal cords were removed and postfixed for

3–4 days. Spinal cords were washed and stored in 0.1

M phosphate buffer with 0.05% sodium azide at 4�C

until injection sites were located. Brains were washed

in 0.1 M phosphate buffer, pH 7.4, and briefly stored at

4�C until blocking and sectioning. Brainstems from

pairs of sedentary and active rats were given different

marks and then blocked from the spinomedullary junc-

tion to the cerebromedullary interface. Pairs of blocks

were individually embedded in agarose gel and trans-

versely sectioned at 150 lm on a Vibratome (Leica

Microsystems, Buffalo Grove, IL) into Corning Netwells

(Fisher Scientific, Pittsburgh, PA) so that each well con-

tained brainstem sections from both rats. The brain-

stem of the additional rat, which was not part of either

the active or sedentary group, was sectioned at 50 lm

to provide better documentation of the distribution of

bulbospinal catecholaminergic RVLM neurons. Sections

were stored in 0.1 M phosphate buffer with 0.05%

sodium azide at 4�C until immunohistochemical

processing.

Immunohistochemistry
Immunohistochemical staining and resin embedding

of 150-lm-thick sections from the six active and five

inactive rats used for quantification were performed

according to Llewellyn-Smith and Gnanamanickam

(2011). Briefly, brainstem sections from each pair of

active and sedentary rats were processed in the same

containers so that sections underwent identical proc-

essing. Sections were exposed to 10 mM Tris, 0.9%

NaCl, 0.05% thimerosal in 10 mM phosphate buffer, pH

7.4 (TPBS) containing 0.3% Triton X-100 (Sigma) to

improve antibody penetration and then to 30% methanol

with 1% hydrogen peroxide to quench endogenous per-

oxidase activity. The sections were then incubated over-

night in blocking buffer containing heat-inactivated

Gibco 10% normal horse serum (Life Technologies,

Grand Island, NY) and then a rabbit primary antibody

directed against TH (Millipore, Billerica MA) diluted

1:1,000 in 10% NHS-TPBS-Triton at room temperature

for 5 days on a shaker (Table 1). The sections were

washed for 3 3 1 hour in TPBS. Subsequent incuba-

tions in biotinylated anti-rabbit immunoglobulin (Jackson

Immunoresearch, West Grove, PA) diluted 1:500 with

1% NHS-TPBS-Triton and ExtrAvidin-horseradish peroxi-

dase (catalog E-2886; Sigma) diluted 1:1500 in TPBS-

Triton were performed at room temperature for 5 days

with washes as described above after each incubation.

TH-immunoreactive neurons were revealed with an

imidazole-enhanced diaminobenzidine reaction (Llewel-

lyn-Smith et al., 2005), which produced a brown reac-

tion product. To detect the retrogradely transported

CTB, we repeated this procedure using a goat primary

antibody against CTB (1:100,000 in 10% NHS-TPBS-

Triton; List Biological Laboratories; Table 1), an anti-

goat secondary antibody (1:500 in 1% NHS-TPBS-Triton),

and ExtrAvidin-peroxidase. We detected CTB-

immunoreactive neurons with the commercially avail-

able reaction substrate Vector SG (Vector, Burlingame,

CA), which produced a dark blue reaction product (Lle-

wellyn-Smith et al., 2013). A 1:4 series of 50-lm-thick

sections from the rat that was not part of the activity

Inactivity affects the morphology of Rvlm neurons
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study was processed similarly except that incubation

times were shorter (2 days in each primary antibody,

overnight in each secondary antibody and 4–6 hours in

avidin-HRP complex). Immunoreacted 150-lm-thick sec-

tions from the 11 rats used for quantitative analysis

were stored in 0.1 M phosphate buffer with 0.05%

sodium azide at 4�C until they were embedded in resin.

The 50-lm-thick sections from the additional rat were

mounted on gelatinized slides, dehydrated in graded

alcohols, cleared in xylene, and coverslipped with

Permount (Fisher Scientific, Pittsburgh, PA).

Antibody characterization
We have previously shown that staining is eliminated

when the List Biological Laboratories goat anti-CTB anti-

serum is absorbed with CTB (Llewellyn-Smith et al.,

1995). A 1:1,000 dilution of the rabbit anti-TH produces

a single band at approximately 62 kDa by Western blot

of whole PC12 cell lysate (product sheet), rat heart tis-

sue (Parrish et al., 2010), and in our laboratory using

rat adrenal gland homogenate (data not shown). We

and others have found that this TH antiserum stains

somata, dendrites, and axons with the expected distri-

butions in rat brain (Chen et al., 2010; Llewellyn-Smith

and Gnanamanickam, 2011).

Embedding
Immunostained sections from the six active and five

inactive rats were embedded without osmication in Durcu-

pan resin (Sigma) on glass slides using a modification of

previously published procedures (Llewellyn-Smith and Gna-

namanickam, 2011; Verberne and Llewellyn-Smith, 2013).

Briefly, sections were rinsed in distilled water and slowly

dehydrated in graded acetone solutions and then propylene

oxide. Sections were subsequently exposed to a 1:1 mix-

ture of propylene oxide and Durcupan resin before being

infiltrated with undiluted resin overnight. Resin-infiltrated

sections were arranged in serial order and embedded flat

on clean glass slides under Aclar (ProSciTech, Thuringowa,

Queensland, Australia) coverslips. The resin was allowed to

polymerize for 24–48 hours in an oven at 60�C.

Light microscopy and digital reconstruction
Immunohistochemically labeled neurons in the RVLM

were examined and photographed with an Olympus BH-

2 microscope (Olympus, Center Valley, PA) equipped

with an MBF CX900 camera (MicroBrightField, Williston,

VT), an Olympus BH-2 microscope equipped with a

Spot RT color camera and Spot RT software version 4.6

(Spot Imaging Solutions, Sterling Heights, MI), or a

Nikon Eclipse Ci-L microscope and a SpotT Insight 2-

MP camera. The BH2 microscope with the MBF camera

was also equipped with a motorized stage and Neurolu-

cida software (MicroBrightField) and was used to recon-

struct digitally RVLM neurons that were immunostained

for both CTB and TH. Criteria used to select neurons

for reconstruction were 1) the double-labeled cell body

was contained entirely within the section and was

within the area bounded medially by the pyramidal

tract, laterally by the spinal trigeminal tract, and dor-

sally by the nucleus ambiguus and 2) the primary and

secondary dendrites of the double-labeled neuron were

contained entirely within the section and were not trun-

cated. Using the caudal pole of the facial nucleus (FN)

as our reference point (the section containing this land-

mark was termed FN0), we reconstructed neurons in

each 150-lm-thick section that spanned from 600 lm

caudal (i.e., FN24) to 450 lm rostral (FN13) of FN,

where the number of bulbospinal C1 neurons decreases

to nearly zero (Schreihofer and Guyenet, 2002). The

reconstructed neurons all fell within an area bounded

mediolaterally by the lateral edge of the pyramidal tract

and the medial edge of the spinotrigeminal tract and

dorsoventrally by the ventral edge of the compact for-

mation of the nucleus ambiguus and the ventral surface

of the medulla.

TABLE 1.

Primary and Secondary Antibodies

Antigen Immunogen

Manufacturer, species, mono-/

polyclonal, catalog, lot number Dilution used

Primary antibodies
Tyrosine Hydroxylase (TH) Tyrosine hydroxylase from rat

pheochromocytoma
Millipore, rabbit, polyclonal, cata

log AB152, lot LV 1375881
1:1,000

Cholera toxin b subunit (CTB) Cholera toxin b subunit isolated
and purified from Vibrio

cholerae

List Biological Laboratories, goat,
polyclonal, catalog 703, lot
7032A7

1:100,000

Biotinylated secondary antibodies
Rabbit immunoglobulin G Jackson Immunoresearch, donkey,

polyclonal, catalog 711-065-152
1:500

Goat immunoglobulin G Jackson Immunoresearch, donkey,
polyclonal, catalog 705-065–147

1:500

N.A. Mischel et al.

502 The Journal of Comparative Neurology |Research in Systems Neuroscience



Confirmation of placement of injection sites
Injection placement was confirmed as previously

described (Llewellyn-Smith and Mueller, 2013), with

slight modification. Lower thoracic segments were

removed from the perfused spinal cords of all rats.

After embedding in albumin-gelatin (Llewellyn-Smith

et al., 2007) and infiltration with sucrose, T9–T11 spinal

segments from each rat were cut into 30-lm-thick sec-

tions on a cryostat. CTB immunoreactivity in the spinal

cord sections was revealed with a three-layer immuno-

peroxidase staining protocol and the reaction substrate

Vector SG (Vector), which produced a dark blue reac-

tion product (Llewellyn-Smith et al., 2013). Immuno-

stained sections from each rat were analyzed to

determine the location of the center of the injection

site and three-dimensional spread of injectate.

Statistical analyses
To assess differences in morphology between physi-

cally active and inactive rats, we used SigmaStat v3.5

(Systat Software, San Jose, CA) and compared the area

of the cell body, total number of dendritic branch

points, and total dendritic length as well as data from

Sholl analyses (total intersections with a series of

circles placed at 10-lm intervals from the soma). In

consultation with our collaborating statistician (J. Ager,

PhD; see Acknowledgements), we initially calculated

overall average values for each group for comparison

(see Table 2). This was accomplished by averaging mor-

phological characteristics from individual neurons (four

to 10 per section) into a single value for each of eight

rostrocaudal sections (i.e., FN24 through FN13) from

each rat. The resulting values for each individual sec-

tion were then averaged to produce a single value for

each rat. The average values for each rat were aver-

aged for each group, and the group average is reported

with the standard error of the mean (see Table 2).

Because we found significant differences in the num-

ber of branch points and the total dendritic length, we

performed additional comparisons using a strategy similar

to that described above. These comparisons included

total dendritic number; cell body aspect ratio, which is an

indicator of the shape of the soma; total length of each

order of dendritic branch (length of primary, secondary,

tertiary, etc., branches); and mean number of each order

of branch. For each level of the Sholl analysis (i.e.,

increasing distance from the soma), we also assessed

number of intersections, branch points, and dendritic

length. Within-rat values for these morphological charac-

teristics were averaged to yield a single value for each

rat. Single values for each rat were again averaged to

produce a group average for each characteristic, which

we report with the standard error of the mean. Finally, to

detect morphological differences based on rostrocaudal

location as well as level of physical activity, we compared

averaged values from neurons within each double-stained

section (i.e., FN24 through FN13) across groups.

Between-group statistical comparisons of data aver-

aged from neurons from all sections, such as those in

Table 2, were performed using a two-tailed Student’s

t-test. Data from Sholl analyses and data on dendrite

branch order were evaluated using a mixed two-way

repeated-measures ANOVA with physical activity level

as factor A and rostrocaudal level, distance from the

cell body, or branch order as factor B. We considered

p< 0.05 as statistically significant. When significant

interactions occurred, the Holm-Sidak method for multi-

ple comparisons was employed post hoc.

Treatment of photomicrographs
Adobe PhotoShop CS2 (Adobe Systems, San Jose,

CA) was used to size and sharpen digital images con-

taining bulbospinal catecholaminergic neurons, con-

struct montages, adjust contrast and brightness,

equalize illumination, adjust color balance, match col-

ors, and prepare plates.

RESULTS

This study included data from six physically active

rats, five sedentary rats, and one additional rat whose

activity level was not monitored. Physically active rats

with an in-cage running wheel ran a total of 372 6 90

km (mean 6 SEM; n 5 6) over the 11–12 weeks of the

study. On average, rats ran 4.73 6 1.11 km/day, at a

speed of 46.2 6 4.0 m/min, for 115 6 26 min/day over

the course of the study. The cumulative distance per

day and duration per day are shown in Figure 1. After

spinal cord surgery, rats resumed a consistent but

lower level of voluntary activity (1.2 6 0.6 km/day; 25%

TABLE 2.

Differences in Neuronal Morphology Between Sedentary

and Active Rats1

Sedentary (n 5 5) Active (n 5 6)

Total branch points 4.16 6 0.22 2.40 6 0.06*
Total dendrite length (lm) 1,319 6 49 991 6 252

Dendrite surface area (lm2) 6,142 6 237 4,750 6 136*
Total intersections 99 6 3.8 77 6 1.8
Primary dendrites 2.71 6 0.02 2.71 6 0.03
Cell body area (lm2) 251 6 6.8 246 6 3.7
Cell body perimeter (lm) 76.9 6 0.6 77.1 6 1.4
Cell body aspect ratio 1.90 6 0.03 1.90 6 0.02

1Values are expressed as means 6 SE; n, number of animals; cell

body aspect ratio, length of the cell body (long axis) divided by the

width of the cell body (short axis).

*p< 0.05 between sedentary and active animals.

Inactivity affects the morphology of Rvlm neurons
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of baseline) during the following 7 days, after which all

rats were perfused for immunohistochemistry. Although

the weights of the rats were similar at the beginning of

the study (75–100 g), there was a significant difference

in body weights between sedentary and active rats

(4116 7 g versus 355 6 10 g, respectively) prior to

perfusion at the end of the study. The additional rat

was used to demonstrate the distribution of bulbospinal

catecholaminergic RVLM neurons after spinal injection

of CTB, perfusion and localization of CTB, and TH immu-

noreactivity in sections thinner than those used for the

quantitative analysis (i.e., 50 lm rather than 150 lm).

Placement of spinal CTB injections
The placement of CTB injections was confirmed in

five of six active rats and five of five sedentary rats. In

these animals, the locations of the injection sites and

the spread of CTB rostrocaudally and dorsoventrally

were similar to those in our previous report (Llewellyn-

Smith and Mueller, 2013). All injections were centered

on the T10 IML, and tracer was present in the IML

region for approximately one spinal segment rostrally

and approximately one spinal segment caudally. CTB

immunoreactivity also spread dorsoventrally through the

dorsal horn along injection tracks.

Distribution of bulbospinal
catecholaminergic neurons in the RVLM

The distribution of bulbospinal catecholaminergic

neurons in the RVLM appeared to be the same in all

rats, regardless of physical activity group and varied

according to rostrocaudal level. In sections at (Fig. 2)

and rostral to the caudal pole of FN, many of the neu-

rons with immunoreactivity for both CTB and TH

occurred in a cluster just ventral and medial to the

motor neurons of FN. This cluster of bulbospinal cate-

cholaminergic neurons extended about 450 lm rostral

to the caudal pole of FN. Neurons with CTB and TH

immunoreactivity were also present ventrally between

the lateral cluster of CTB/TH neurons and the pyrami-

dal tract. In addition, a few neurons with staining for

both CTB and TH were located just medial to FN and

dorsal to the cluster of CTB/TH neurons. Caudal to the

caudal pole of FN, neurons that were both CTB positive

and TH positive did not occur in a tight cluster. Instead,

in this part of the ventral medulla, double-labeled neu-

rons were more homogeneously distributed in the

region lying lateral to the pyramids, medial to the spino-

trigeminal tract, and ventral to the compact formation

of the nucleus ambiguus. All neurons reconstructed for

the quantitative analysis were contained within these

anatomical boundaries.

Activity-related morphological differences in
somata and dendrites

From inspection of micrographs (Figs. 3, 4), we could

not discern clearcut anatomical differences between

active and inactive rats in RVLM neurons that contained

both immunoreactivity for TH and immunoreactivity for

CTB. However, quantification of a variety of morphologi-

cal parameters and Sholl analyses revealed that physi-

cal inactivity versus activity had a significant effect on

the structure of the dendritic arbors of bulbospinal C1

neurons in the RVLM but not on their somata (Table 2).

We reconstructed a total of 382 CTB/TH neurons from

sedentary rats (76 6 1.7 per rat; n 5 5 rats) and 441

CTB/TH neurons from active rats (74 6 3.3 per rat;

n 5 6 rats). On average, neurons from sedentary versus

active animals had more dendritic branch points,

greater total dendrite length, greater total dendritic

Figure 1. Average weekly running data for physically active rats.

Daily running by the six active rats used for morphological analysis.

Activity of each rat on its in-cage running wheel was recorded with a

bicycle computer. Average daily running distance (A) and duration (B)

gradually increased, with a peak at weeks 6–7, and then decreased

from week 7 to week 11. Average daily running speed did not vary

during the course of the study (not shown). At 12 weeks, the rats

received injections of CTB into T10 and were perfused 7 days later.

N.A. Mischel et al.

504 The Journal of Comparative Neurology |Research in Systems Neuroscience



surface area, and more intersections in Sholl analyses

(Table 2). In contrast, there was no difference between

sedentary and active rats in cell body perimeter, cell

body area, cell body shape (i.e., aspect ratio), or num-

ber of primary dendrites (Table 2).

Sholl analysis.
Sedentary versus physically active conditions had a sig-

nificant effect on the dendritic length and Sholl inter-

sections of bulbospinal C1 neurons in RVLM and this

effect depended on the proximity of a dendrite to the

cell body (Fig. 5). There was a significant main effect of

activity level and distance from the cell body on both

length and intersections (P< 0.001 for both) as well as

an interaction between distance from the cell body and

activity level (P< 0.001). Post hoc analyses revealed no

difference in intersections in Sholl analyses or dendritic

length close to the cell body (20–40 lm). However, far-

ther from the cell body (50–370 lm), sedentary versus

active rats had more intersections (Fig. 5A) and

increases in dendrite length (Fig. 5B; P< 0.05).

Comparisons based on branch order.
Sedentary versus physically active conditions had a sig-

nificant effect on the number of dendrites and dendritic

structure of bulbospinal C1 RVLM neurons, and this

effect depended on the branch order of the dendrites.

There was a significant main effect of activity level and

branch order on both parameters (P< 0.001 for both)

as well as an interaction between branch order and

activity level (P< 0.001). Post hoc analyses showed no

difference in the number of primary dendrites between

sedentary and active animals (Fig. 6A; P 5 0.993). How-

ever, the number of secondary and higher order den-

drites was greater in inactive compared with active rats

(Fig. 6A; P< 0.001). Primary dendrites were significantly

shorter in sedentary relative to active rats, but higher

order dendrites were significantly longer in sedentary

animals (Fig. 6B; P< 0.01). In addition, the amount of

branching in first- to fourth-order dendrites was greater

in sedentary compared with active rats (P< 0.05).

Comparisons based on rostrocaudal location
within the RVLM.
Because we reconstructed equal numbers of CTB/TH

neurons in eight consecutive sections of the ventrolat-

eral medulla (i.e., 9.6 6 0.2 versus 9.2 6 0.4 neurons/

section in sedentary versus physically active rats,

respectively), we were able to make comparisons

related to rostrocaudal distribution between groups.

The morphology of dendrites differed between seden-

tary and active rats depending on the rostrocaudal

Figure 2. Distribution of bulbospinal catecholaminergic RVLM neurons close to the caudal pole of the facial nucleus (FN). A: Montage of 17

low-magnification photomicrographs showing the RVLM very close to the caudal pole of FN from a rat with CTB injections into spinal segment

T10 whose activity level was not monitored. Brown TH immunoreactivity uniformly fills the somata and proximal and distal dendrites of catecho-

laminergic RVLM neurons. Blue-gray staining from CTB immunoreactivity retrogradely transported from the spinal cord is restricted to cell bodies

and the portions of proximal dendrites closest to cell bodies. Many of the neurons with immunoreactivity for both TH and CTB occur in a tight

cluster (red dashed oval l) that lies laterally within the RVLM. There are occasional CTB-containing neurons in the group of TH-positive neurons

that lies medial to the tight cluster (red dashed oval m). Scattered neurons double-stained for TH and CTB (arrows) occur dorsal to the two ven-

tral groups of TH neurons. Two of these double-labeled dorsal neurons (arrows B and C) are shown at higher magnification in B and C. Arrow-

heads, TH-immunoreactive neurons that do not contain CTB immunoreactivity; py, pyramidal tract. Scale bar 5 250 lm. B,C: Higher

magnification photomicrographs of the dorsal neurons indicated by arrows B and C in A. In B, blue-gray CTB immunoreactivity (arrowhead)

occurs only around the nucleus of the retrogradely labeled neuron. In C, labeling for CTB (arrowheads) extends into the proximal dendrites of

the bulbospinal neuron. Scale bars 5 25 lm.
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location of neurons within the RVLM (Fig. 7A). The

results from two-way repeated measures ANOVA

showed significant main effects of activity level and ros-

trocaudal location (P< 0.01 for both) as well as an

interaction between physical inactivity versus activity

and rostrocaudal level on the number of branch points

(P< 0.01).

Post hoc analyses revealed that, in sedentary versus

active rats, neurons that were 300 lm caudal to 450

lm rostral to the caudal pole of FN had more branch

points than neurons that occurred between 300 lm

and 600 lm caudal to FN (Fig. 7A; P< 0.05). In con-

trast, there was no significant difference in branch

points in the active group along the rostrocaudal axis

(Fig. 7A; P> 0.05). For cell body area, there was a sig-

nificant main effect of rostrocaudal level (Fig. 7B;

P< 0.001), no main effect of physical (in)activity, and

no interaction between sedentary or physically active

conditions. These data indicate that the most rostral

CTB-positive C1 neurons are larger than the more cau-

dal CTB-positive C1 neurons in both groups of animals.

Finally, for the number of primary dendrites, there was

no significant main effect of group or rostrocaudal level,

nor was there a significant interaction (Fig. 7C;

P> 0.05). These data indicate that there is no

Figure 4. Bulbospinal catecholaminergic neuron from the RVLM

of a physically active rat. A: Montage of five photomicrographs

showing a section through the RVLM located 150 lm rostral to

the caudal pole of the facial nucleus (FN11) from the medulla of

a rat that ran voluntarily on an in-cage running wheel for 11

weeks. The section contains many neurons that are immunoreac-

tive for both CTB (blue-gray) and TH (brown), one of which is indi-

cated by arrow B1C. Scale bar 5 250 lm. Inset: Drawing of

FN11 showing architectonic landmarks. Scale bar 5 0.5 mm. B:

Montage of 11 photomicrographs showing the double-labeled

neuron indicated by arrow B1C in A. The neuron contains a net-

work of blue-gray staining (arrow) in its cell body and in a thick

proximal dendrite, indicating that the neuron has retrogradely

transported CTB from the spinal cord. Two other retrogradely

labeled neurons (stars) that lacks TH immunoreactivity lie near

the bulbospinal TH neuron. Scale bar 5 50 lm. C: Digital recon-

struction of the neuron in B. Scale bar 5 50 lm.

Figure 3. Bulbospinal catecholaminergic neuron from the RVLM

of a sedentary rat. A: Montage of eight photomicrographs show-

ing a section through the RVLM located 150 lm caudal to the

caudal pole of the facial nucleus (FN21) from the medulla of a

sedentary rat (Sed). The section contains many neurons that are

immunoreactive for both CTB (blue-gray) and TH (brown), one of

which is indicated by arrow B1C. Scale bar 5 250 lm. Inset:

Drawing of FN21 showing architectonic landmarks. Scale

bar 5 50 lm. B: Montage of 26 photomicrographs showing the

double-labeled neuron indicated by arrow B1C in A. The cell

body of the neuron contains a network of blue-gray staining

(arrow), indicating that the neuron has retrogradely transported

CTB from the spinal cord. Ventral to the reconstructed neuron,

there is another retrogradely labeled neuron showing faint TH

immunoreactivity (arrowhead). Scale bar 5 50 lm. C: Digital

reconstruction of the neuron from A and B. Scale bar 5 50 lm.

N.A. Mischel et al.
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difference in the number of primary dendrites rostro-

caudally or between sedentary and physically active

rats.

DISCUSSION

This study used immunohistochemistry on 150-lm-

thick tissue sections (Llewellyn-Smith and Gnanama-

nickam, 2011) and computer-based structural analysis

to examine the effect of long-term physical inactivity

versus voluntary activity on the structure of TH-

immunoreactive RVLM neurons retrogradely labeled

with CTB from the T10 segment of the spinal cord. Our

results show how useful this approach can be for ana-

lyzing the detailed morphology of phenotypically identi-

fied neuronal populations in the brain. In sections at

and rostral to the caudal pole of FN, our quantitative

analysis focused on the bulbospinal C1 neurons that

occurred in a tight cluster ventromedial to FN. We

chose to reconstruct many of these neurons because

our previous study showed that glutamate microinjec-

tions producing pressor responses were often located

in sections containing facial motor neurons (Mischel

Figure 5. (In)activity-related differences in morphology of dendrites

of bulbospinal catecholaminergic RVLM neurons based on Sholl

analyses. Morphological data on dendrites obtained via Sholl analy-

ses demonstrated that the length and complexity of the dendrites

of TH-positive, CTB-positive RVLM neurons is greater in sedentary

rats than in active rats. Data were obtained at 10-lm intervals

beginning 20 lm from the center of each cell body. Differences in

the number of dendritic intersections (A) and dendritic length (B)

between sedentary and active rats occurred from 50 to 370 lm

away from the center of the cell body. *P< 0.05. Figure 6. (In)activity-related differences in morphology of den-

drites of bulbospinal catecholaminergic RVLM neurons based on

branch order. Morphological differences between the dendrites of

TH-positive, CTB-positive RVLM neurons from sedentary and

active rats were not consistent for all types of dendrite. A: The

number of primary dendrites was similar between sedentary and

active rats, but sedentary rats had more higher order dendrites

relative to active rats. B: Sedentary rats had shorter primary den-

drites than active rats, but higher order dendrites were longer.

C: In sedentary rats, first- to fourth-order dendrites had more

branches than in active rats. *P< 0.05, individual differences

between sedentary and active animals.
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and Mueller, 2011). Thus, the most effective injection

sites were coincident with the cluster of bulbospinal C1

neurons that we have analyzed here.

Our main findings are that the complexity of the den-

dritic fields of bulbospinal C1 presympathetic neurons

is greater in sedentary versus physically active rats. In

contrast, activity levels do not affect the number of pri-

mary dendrites arising from C1 neurons or the size and

shape of their cell bodies. We also found that the

degree to which activity versus inactivity affected den-

dritic morphology depended on the rostrocaudal loca-

tion of C1 neurons within the RVLM. In sedentary rats,

the dendrites of bulbospinal C1 neurons with cell

bodies that lay close to FN had more branches than

the dendrites of neurons more distant from and caudal

to FN. In physically active rats, however, bulbospinal C1

neurons exhibited a consistent pattern of dendritic

branching along the entire rostrocaudal extent of the

RVLM. These findings support our original hypothesis

that physical inactivity evokes changes in the dendritic

arbors of bulbospinal C1 RVLM neurons in ways that

may increase their excitability and resting activity but

refute the contention that inactivity affects C1 cell

bodies. Our data along with results from previously pub-

lished in vivo studies (Becker et al., 2005; Martins-

Pinge et al., 2005; Mischel and Mueller, 2011; Mueller,

2007; Mueller and Mischel, 2012) suggest that physical

activity may decrease, and physical inactivity increase,

the risk for cardiovascular disease in part via anatomi-

cal changes involving RVLM neurons. We also identified

a rostrocaudal variation in the morphology of spinally

projecting C1 neurons that was independent of the

level of physical activity. In the most rostral sections

that we analyzed, which were located about 450-lm

rostral to the caudal pole of FN, we found that the

mean size of the cell bodies of bulbospinal C1 neurons

was larger than for more caudally located C1 neurons.

The rostrocaudal difference in cell size was similar in

both sedentary and physically active animals. A similar

size difference between rostral and caudal C1 neurons

has been reported in laboratory-housed (i.e., nonexer-

cising) cats (Polson et al., 1992). There is also rostro-

caudal variation in the neurochemical phenotypes of C1

neurons (Stornetta, 2009). More caudal C1 neurons

that contain neuropeptide Y project to the hypothala-

mus, whereas rostral C1 neurons are NPY-negative and

spinally projecting (Polson et al., 1992; Stornetta,

2009).

Interestingly, the size of sympathetic postganglionic

somata correlates with the size of the terminal fields of

their axons (Purves et al., 1986). The complexity of

sympathetic postganglionic dendrites also correlates

with the number of preganglionic inputs that they

Figure 7. (In)activity-related differences in morphology of dendrites

and cell bodies of bulbospinal catecholaminergic RVLM neurons

based on rostrocaudal position. Morphological differences between

TH-positive, CTB-positive RVLM neurons from sedentary and active

rats depended on the position of the neurons relative to the facial

nucleus (FN). Each section analyzed was 150 lm thick, and sec-

tion FN0 contained the caudal pole of FN. Equal numbers of CTB/

TH neurons were reconstructed in eight consecutive sections of

the ventrolateral medulla from both groups (i.e., 9.6 6 0.2 versus

9.2 6 0.4 neurons/section in sedentary versus physically active

rats, respectively). A: In sedentary rats, TH-positive, CTB-positive

RVLM neurons had increased branching in sections from 300 lm

caudal to 450 lm rostral of FN0. B: In both groups, cell body size

of TH-positive, CTB-positive RVLM neurons was slightly larger in

the most rostral section compared with other sections. C: There

was no difference in the number of primary dendrites at any level.

*P< 0.05, individual differences between sedentary and active ani-

mals. #P< 0.05, main effect of rostrocaudal level on soma area.

N.A. Mischel et al.
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receive (Purves et al., 1986). Taken together, if the

same applies for bulbospinal C1 presympathetic neu-

rons, then the more rostral neurons in this population

would be more highly collateralized and/or project to a

greater number of spinal segments than more caudal

neurons and could also receive more synaptic input

from sources yet to be identified.

Bulbospinal nerve pathways controlling
blood pressure

Almost three decades ago, C1 adrenergic neurons in

the ventrolateral medulla were identified, and early stud-

ies provided evidence that they play a critical role in the

central control of blood pressure via their direct projec-

tions to autonomic regions of the thoracic spinal cord

(Ross et al., 1984a,b; for review see Schreihofer and

Sved, 2011). Subsequently, these C1 presympathetic

neurons were implicated in relaying various sympathetic

reflexes and sympathoexcitatory responses (see, e.g.,

Granata et al., 1985; Guyenet et al., 2001; Morrison and

Reis, 1989). Both electrophysiological and anatomical

studies have shown that blood pressure-sensitive C1 neu-

rons in the RVLM provide glutamatergic input directly to

SPN in the IML of thoracic spinal cord (Llewellyn-Smith

et al., 1992, 1995; Morrison et al., 1991; Schreihofer and

Sved, 2011; Stornetta et al., 2002). A series of studies

has also examined the physiological effects of depleting

bulbospinal C1 neurons in rats. These animals were found

to have slightly decreased baseline blood pressure, atte-

nuated baroreflex range, and substantially reduced

responses to other sympathoexcitatory reflexes (Madden

et al., 1999; Madden and Sved, 2003a; Schreihofer and

Guyenet, 2000; Schreihofer et al., 2000). Recently, the

direct involvement of C1 neurons in sympathetic control

of the cardiovascular system has been elegantly con-

firmed using selective transfection of catecholaminergic

RVLM neurons with a viral vector that drives expression

of the Drosophila inhibitory allatostatin receptor (Marina

et al., 2011). Activation of this receptor in the RVLM of

anesthetized rats decreased resting mean arterial pres-

sure and renal sympathetic nerve activity, suggesting a

tonic role for C1 neurons in control of sympathetic out-

flow (Marina et al. 2011). This population of presympa-

thetic RVLM neurons was the focus of the present study.

As mentioned above, the RVLM contains a second

population of bulbospinal presympathetic neurons

involved in cardiovascular control, the bulbospinal non-

C1 neurons (Madden and Sved, 2003b; Schreihofer and

Guyenet, 1997; Schreihofer and Sved, 2011). These

neurons were first identified in brainstem slices and

found to have intrinsic pacemaker properties (Sun

et al., 1988a,b). Aside from the lack of catecholamine-

synthesizing enzymes, bulbospinal non-C1 neurons

seem to have a neurochemical profile and distribution

similar to those of C1 neurons in the RVLM (Stornetta,

2009), although we have recently shown that non-C1

bulbospinal neurons may be concentrated just rostral

to the caudal pole of the FN (Llewellyn-Smith and Muel-

ler, 2013). Although they represent the minority of bul-

bospinal cardiovascular RVLM neurons (Schreihofer and

Guyenet, 1997), non-C1 neurons are still assumed to

be very important in cardiovascular regulation because

resting and some reflex-mediated sympathetic activity

remains after depletion of C1 cells (Madden et al.,

2006; Madden and Sved, 2003a; Schreihofer and Guye-

net, 2000). In this study, we were not able to analyze

activity-related morphological changes in the bulbospi-

nal non-C1 presympathetic neurons because the perim-

eters of their cell bodies and dendrites were not

adequately revealed by retrogradely transported CTB.

When retrograde labeling in non-C1 neurons was light,

CTB localized only in the Golgi apparatus and, when ret-

rograde labeling was heavy, occurred only in somata

and proximal dendrites.

Because the spinally projecting, non-C1 RVLM neu-

rons have an important role in control of resting and

reflex-mediated sympathetic activity, we aim to develop

methods to study the structure and function of these

neurons and others involved in sympathetic control.

Our aim is to pinpoint cell groups that undergo activity-

related plastic changes and therefore could become

additional targets for antihypertensive therapies.

Sympathetic preganglionic neurons present in caudal

thoracic spinal segments project to the coeliac, supe-

rior mesenteric, and aorticorenal ganglia as well as the

adrenal gland (Moon et al., 2002; Strack et al., 1988,

1989). Sympathetic nerves originating from these gan-

glia provide innervation to the gastrointestinal tract and

to mesenteric blood vessels (Hsieh et al., 2000; Li

et al., 2013; Quinson et al., 2001; Trudrung et al.,

1994). Recent publications have highlighted the impor-

tance of the splanchnic circulation for blood pressure

control in normal and disease states (Fink, 2009; Huber

and Schreihofer, 2011; Kuroki et al., 2012; Mischel and

Mueller, 2011; Osborn et al., 2011). Thus, central neu-

rons that control sympathetic outflow to the splanchnic

vasculature could be an important target for future

blood pressure-lowering therapies.

Activity-related changes in bulbospinal
cardiovascular circuitry and disease risk

Persistent increases or decreases in the activity of

neurons can cause long-lasting effects on neuronal

structure, as has been well documented in neural

Inactivity affects the morphology of Rvlm neurons
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networks related to learning and memory (Caroni et al.,

2012). “Activity-dependent plasticity” may also refer to

an effect of chronic physical activity on those same

neural networks (Van Praag, 2008). The anatomical fea-

tures of neurons in brain regions associated with cardi-

ovascular function also change in response to long-term

physical activity (Michelini and Stern, 2009; Nelson

et al., 2005). We and others have demonstrated that

chronic physical activity also evokes functional changes

in the RVLM neurons that control blood pressure and

sympathetic outflow (Martins-Pinge et al., 2005; Mischel

and Mueller, 2011; Mueller, 2007; Mueller and Mischel,

2012). These data led us to hypothesize that changes

in the morphology of presympathetic RVLM neurons

play a role in the differing cardiovascular responses

that we have observed between sedentary and active

rats, and this study has, in fact, demonstrated statisti-

cally significant differences in the dendritic arbors of

spinally projecting C1 neurons in sedentary compared

with active rats.

The results that we present here differ from the

observations of the Iwamoto group (Nelson et al.,

2005), who did not find any structural differences

between RVLM neurons revealed by Golgi-Cox labeling

in active versus inactive rats. This apparent conflict in

results probably relates mainly to the fact that the

Golgi-Cox method stains neurons randomly and indis-

criminately. Hence, although the Golgi-Cox method

allowed Nelson et al. (2005) to examine and identify

structural differences in other brain regions, their con-

clusions about the lack of change in a randomly

stained, and undoubtedly functionally heterogeneous,

pool of RVLM neurons does not appear to be applicable

to the RVLM population that we examined in the pres-

ent study. In contrast, the present study specifically tar-

geted neurons within the RVLM that were both spinally

projecting and catecholamine synthesizing, the classic

definition of C1 presympathetic neurons. A further rea-

son for the differences between our data and the data

of Nelson et al. (2005) may be that they examined

more caudal regions of the RVLM, where our study has

shown that structural differences are less apparent.

Also, it is possible that differences in tissue processing

(i.e., perfusion fixation and immunohistochemistry ver-

sus immersion fixation and Golgi-Cox staining; Vibra-

tome sectioning versus frozen sectioning on a sliding

microtome) can account for our ability to detect more

intersections at the level of more distal dendrites than

Nelson and colleagues (2005). With our methodology,

which specifically targeted one neurochemical class of

bulbospinal RVLM neurons and provided hundreds of

cells for morphological analysis, we were able to draw

statistically meaningful conclusions about activity-

related changes in the architecture of the somata and

dendritic arbors of C1 presympathetic neurons.

Because of the importance of the splanchnic vascula-

ture to blood pressure control, we chose to study

RVLM neurons that project to SPN in the lower thoracic

cord. We employed the retrograde tracer CTB injected

at the T10 level to identify these neurons. A high pro-

portion of C1 neurons in the RVLM project to the tho-

racic IML (Jeske and McKenna, 1992), and SPN

providing input to the celiac, aorticorenal, and superior

mesenteric sympathetic ganglia as well as to the adre-

nal gland are concentrated within the IML of T7–T12

(Strack et al., 1988). We found that, in general, seden-

tary rats showed an increase in dendritic branching in

spinally projecting C1 RVLM neurons. The CTB-labeled

neurons that we studied could control one or all of the

sympathetic outflows originating at the T10 level, which

notably includes splanchnic, renal, and adrenal out-

flows. Although the physiology of spinally projecting C1

neurons has been well studied (Schreihofer and Sved,

2011), we do not know the precise physiology of the

neurons that we examined here.

Sedentary compared with physically active rats show

increased baseline renal sympathetic nerve activity

(RSNA; Negrao et al., 1993), and in sedentary rabbits

and rats baroreflex-mediated activation of RSNA is

increased (DiCarlo and Bishop, 1988; Negrao et al.,

1993) compared with active animals. When we directly

measured sympathetic output to the splanchnic circula-

tion in a previous study, we found that there was a

nearly twofold increase in both resting and reflex-

mediated splanchnic sympathetic nerve activity (SSNA)

in sedentary versus active rats (Mischel and Mueller,

2011). Increased arterial pressure in hypertensive

Zucker rats is maintained through increases in SSNA,

possibly originating in the RVLM (Huber and

Schreihofer, 2011). In the angiotensin II-salt model of

rat hypertension, increased splanchnic tone seems to

be a key contributor to the development of hyperten-

sion, whereas renal and lumbar sympathetic tones

appear not to be involved (King et al., 2007; Osborn

and Fink, 2010). For these reasons, this study focused

specifically on C1 RVLM neurons that may innervate

splanchnic and other abdominal SPN.

Because spinally projecting C1 neurons play an

important role in reflex-mediated sympathoexcitation

during normal physiological conditions (see above), the

activity of these neurons could be affected by, and

might even contribute to, disease. Consistent with this

suggestion, neurons within the RVLM show increased

activation in various disorders, such as high-salt diet,

hyperinsulinemia, chronic renal failure, obesity, hyper-

tension, and chronic heart failure (Adams et al., 2007;

N.A. Mischel et al.
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Bardgett et al., 2010; Dugaich et al., 2011; Huber and

Schreihofer, 2011; Matsuura et al., 2002; Stocker

et al., 2007; Wang et al., 2009). Moreover, C1 neurons

have been specifically implicated as a population of

RVLM neurons that shows increased activation in the

two-kidney, one-clip model of hypertension (Jung et al.,

2004). We and others consider a sedentary lifestyle to

be a disease state, and an acute bout of exercise has

been shown to cause either increased activation or

recruitment of RVLM neurons in sedentary versus active

animals (Ichiyama et al., 2002). Compared with active

rats, sedentary rats also exhibit increased activation or

recruitment of TH-positive RVLM neurons in response

to acute stress (Greenwood et al., 2003). To our knowl-

edge, the current study is the first to demonstrate dif-

ferences in the morphology of the dendritic arbors of

spinally projecting C1 RVLM neurons of sedentary com-

pared with active rats. These structural changes could

be one of the underlying mechanisms that mediate the

increased activation of RVLM neurons in sedentary ani-

mals. If the central circuits controlling the cardiovascu-

lar system undergo similar morphological changes in

humans, then neuroplasticity within the RVLM could

provide one possible source of increased sympathetic

activation in sedentary individuals and contribute to

their increased risk of developing cardiovascular

disease.
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