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Abstract

Elevated renal sympathetic nerve activity (RSNA) accompanies a variety of complex disor-

ders, including obstructive sleep apnea, heart failure, and chronic kidney disease. Under-

standing pathophysiologic renal mechanisms is important for determining why hypertension

is both a common sequelae and a predisposing factor of these disorders. The role of the

brainstem in regulating RSNA remains incompletely understood. The pedunculopontine teg-

mentum (PPT) is known for regulating behaviors including alertness, locomotion, and rapid

eye movement sleep. Activation of PPT neurons in anesthetized rats was previously found to

increase splanchnic sympathetic nerve activity and blood pressure, in addition to altering

breathing. The present study is the first investigation of the PPT and its potential role in regu-

lating RSNA. Microinjections of DL-homocysteic acid (DLH) were used to probe the PPT in

100-μm increments in Nembutal-anesthetized rats to identify effective sites, defined as loca-

tions where changes in RSNA could be evoked. A total of 239 DLH microinjections were

made in 18 rats, which identified 20 effective sites (each confirmed by the ability to evoke a

repeatable sympathoexcitatory response). Peak increases in RSNA occurred within 10–20

seconds of PPT activation, with RSNA increasing by 104.5 ± 68.4% (mean ± standard devia-

tion) from baseline. Mean arterial pressure remained significantly elevated for 30 seconds,

increasing from 101.6 ± 18.6 mmHg to 135.9 ± 36.4 mmHg. DLH microinjections also

increased respiratory rate and minute ventilation. The effective sites were found throughout

the rostal-caudal extent of the PPT with most located in the dorsal regions of the nucleus.

The majority of PPT locations tested with DLH microinjections did not alter RSNA (179 sites),

suggesting that the neurons that confer renal sympathoexcitatory functions comprise a small

component of the PPT. The study also underscores the importance of further investigation to

determine whether sympathoexcitatory PPT neurons contribute to adverse renal and cardio-

vascular consequences of diseases such as obstructive sleep apnea and heart failure.
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Introduction

Elevated renal sympathetic nerve activity (RSNA) accompanies a variety of disorders, includ-

ing obstructive sleep apnea, heart failure, and chronic kidney disease [1–3]. Renal sympathetic

efferent and afferent nerves transmit signals leading to release of catecholamines, changes in

renal blood flow, and alterations in sodium/fluid homeostasis. Chronically elevated RSNA

contributes to hypertension. Blood pressure (BP) can be reduced by targeting pathophysiologic

renal mechanisms, including RSNA [4]. For example, ablation of renal sympathetic nerve

fibers reduced BP in individuals who did not respond to pharmacologic therapies [5]. This

approach is controversial, however, because the underlying cause of sympathetic over-activity

remains untreated. Considering that a constellation of different disorders involve elevated

RSNA, it is important to investigate the brainstem mechanisms linking these conditions.

Hypertension and renal dysfunction are prevalent comorbidities with obstructive sleep

apnea [6–8]. This observation suggests that the brain regions known to control sleep and

breathing could also directly control renal function and contribute to renal/vascular patholo-

gies, providing new targets for therapies treating cardiovascular diseases, particularly those

evoked or exacerbated by sleep-disordered breathing. The present study was conducted to

investigate the pedunculopontine tegmentum (PPT), a cluster of heterogeneous neurons at the

midbrain-pontine junction that are a source of ascending and descending cholinergic path-

ways to cortical and brainstem structures (e.g., thalamus, locus coeruleus, pontine reticular

formation, basal ganglia) [9,10]. The PPT innervates and receives inputs from structures that

control arousal/alertness, rapid eye movement (REM) sleep, breathing, and movement/loco-

motion [11–16]. The anatomical position of the PPT supports a role in autonomic regulation,

with a descending cholinergic projection from the PPT to the rostral ventrolateral medulla

(RVLM) that contains pre-ganglionic sympathetic neurons [17,18]. In addition, the PPT

receives baroreceptor and chemoreceptor signals from the solitary nucleus, indicating a role in

the modulation of cardiorespiratory reflexes [19]. Retrograde neuronal tracing studies suggest

a possible paucisynaptic connection between the PPT and the kidneys [20,21], but there have

been no studies measuring RSNA in response to PPT stimulation. The purpose of the present

study was to determine how microinjecting DL-homocysteic acid (DLH) into the PPT alters

RSNA. We tested the hypothesis that PPT activation can elevate RSNA in spontaneously

breathing Nembutal-anesthetized rats.

Materials and methods

Surgical procedures

Experiments were performed in adult, male Sprague-Dawley rats (N = 18, 280–330 g; Harlan/

Envigo Laboratories, Indianapolis, IN). Procedures conformed to the American Physiological

Society’s Guiding Principles for the Care and Use of Vertebrate Animals [22] and were approved

by the University of Illinois at Chicago Institutional Animal Care and Use Committee. Similar

to other studies [16,23–25], rats were anesthetized with Nembutal (pentobarbital sodium, 50

mg/kg intraperitoneally). In our previous studies, this anesthetic achieved a sustained plane of

anesthesia, and it did not interfere with the modulation of RSNA for the duration of the exper-

iment [26–28]. Body temperature was maintained at 37˚C with a heating pad. A catheter was

placed in the femoral vein, and, when necessary, supplemental Nembutal doses were given (2

mg/kg intravenously). BP was measured in the femoral artery (telemetry transmitter model

PA-C10, Data Sciences International, Minneapolis, MN). The trachea was cannulated with

polyethylene tubing (Braintree Scientific Inc., Braintree, MA) and connected to a pneumota-

chograph (BIOPAC Systems Inc., Model TSD237B, Goleta, CA) to measure respiratory air
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flow while breathing room air spontaneously [29]. A renal sympathetic nerve was exposed

retroperitoneally, placed on bipolar stainless steel wire electrodes (A-M Systems, Carlsborg,

WA), and fixed in position with silicone gel (Wacker, München, Germany) as previously

described [26,28,30]. The RSNA signals were directed to a 10x pre-amplifier and microelec-

trode amplifier (Model 1800, A-M Systems, Carlsborg, WA) using high- and low-pass filtering

(10 Hz and 3 kHz), gain up to 10 K (4000 Hz sampling rate). All physiologic data were

acquired and A/D converted using DataWave/SciWorks data acquisition software (Loveland,

CO), which displayed a raw and a full-wave rectified RSNA. After recordings, signals were ana-

lyzed using Spike 2 (Cambridge Electronic Design, Cambridge, UK), given the range of analy-

sis tools provided by this software for RSNA. Before probing the PPT with microinjections of

DLH, the quality of each RSNA recording was assessed by evoking the baroreflex; rats were

given intravenous injections of saline (1 ml bolus; Fig 1) or phenylephrine (10 μg/ml; Fig 2) to

increase BP and produce sympathoinhibition and bradycardia. Recordings were also assessed

for evidence of respiratory modulation of the RSNA, indicated by RSNA activation during

early inspiration [31] (Fig 3). At the end of experiments, the noise level in RSNA was deter-

mined by crushing the nerve proximal to the recording electrodes.

DLH microinjections

Glass micropipettes/electrodes were built by fusing 1 mm x 0.25 mm glass barrels while pulling

the glass to an overall tip diameter of 10–20 μm (A-M systems, Carlsborg, WA), which allowed

microinjection of multiple agents at a single site in the brain [15]. Micropipette barrels were

filled with DLH (4 mmol/L, dissolved in phosphate-buffered saline [PBS], Sigma-Aldrich Co.,

St. Louis, MO), a control/vehicle solution (PBS, 0.1 mol/L, pH = 7.4), Oil Red-O dye (7 mg in

1 ml ethanol, Sigma-Aldrich Co., St. Louis, MO), and pontamine sky blue dye (1% in PBS,

Sigma-Aldrich Co., St. Louis, MO).

Rats were placed in a stereotaxic frame (Stoelting Co., Wood Dale, IL), and the bregma was

used as a landmark for targeting the coordinates of the PPT (6.8–8.6 mm caudal and 1.4–2.2

mm lateral from the bregma) [32]. A computer-controlled manipulator (StereoDrive, Neuro-

star, Tubingen, Germany) was used to position the tip of the glass micropipette at the dorsal

margin of the PPT (6.5 mm below the surface of the brain) via a burr-hole osteotomy. The

PPT was probed with microinjections of DLH (10 nL over 100 ms under ~70 psi) using a 100-

μm distance between injections. Effective sites were defined as locations where changes in

RSNA could be evoked and reproduced by at least two additional DLH microinjections (Fig 4)

after baseline parameters were regained. After ensuring reproducibility, control injections of

PBS (10 nL) ensured that no responses were elicited by this vehicle solution. The PPT was

probed bilaterally on a 100-μm grid basis, with experiments terminated if rats demonstrated

evidence of hemodynamic instability (i.e., a� 20% decrease in mean arterial pressure or respi-

ratory rate) or if body temperature was no longer maintained at 37˚C. The microinjector

(MMPI-3, ASI Applied Scientific Instrumentation, Eugene, OR) provided a logic level pulse in

the recordings (used as a zero marker for analyses) to indicate the timing of DLH microinjec-

tions; there were 3–5 minute intervals between consecutive microinjections, and volumes were

quantified by measuring the change in meniscus level using a microscope with an eyepiece

reticule.

Data and statistical analysis

For each effective site, average values for RSNA, mean arterial pressure, heart rate, respiratory

rate, normalized tidal volume, and normalized minute ventilation were calculated for the

10-second baseline preceding the DLH microinjection and for 10-second segments up to 1
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minute after PPT activation. Although effective sites underwent additional testing to ensure

their reproducibility, only the initial evoked response was included in the collective statistical

analyses to avoid the potential confounding influence of re-activating the same neurons in the

same animal. Two methods were employed for analyzing RSNA in each 10-second segment;

one focused on measuring changes in voltage, and the other focused on assessing firing rate.

Absolute values were obtained by full-wave rectifying the raw RSNA signal. Averages for each

non-overlapping contiguous 10-second segment were calculated. The noise (full-wave rectified

values averaged for a 10-second segment of the “crushed” nerve) for each rat was subtracted

from the full-wave rectified RSNA averages. Values were expressed as a percent change from

baseline (with baseline value set to 0%) to control for variations in basal sympathetic tone

among animals [31]. In addition to this approach, the frequency of RSNA firing was measured

using a custom Spike 2 script (Cambridge Electronic Design, Cambridge, UK) that applied an

amplitude discriminator to detect the number of peaks in the raw signal, as illustrated in the

example in Fig 5, where the height of each vertical bar is proportional to the spikes per second.

Fig 1. RSNA response to intravenous saline. After undergoing full-wave rectification, the RSNA was averaged in non-

overlapping 10-second intervals. The average noise (determined by crushing the nerve bundle at the end of the

experiment) was subtracted from each 10-second segment. The arrow denotes an IV bolus of saline (1 ml, infused over 3

sec) and the resulting physiologic responses.

https://doi.org/10.1371/journal.pone.0187956.g001
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The BP signal was used to determine mean arterial pressure and heart rate, which were

calculated by the DataWave/SciWorks software for each interval. The respiratory flow signal

was analyzed to detect the number of breaths in each 10-second interval, which was multi-

plied by 6 to reflect respiratory rate/minute. Changes in tidal volume were calculated by mea-

suring the area under the curve (AUC) for each breath and aggregating these data into

averages for each 10-second segment. Using a normalization approach reported previously

[33], the average for each 10-second interval was divided by the baseline value (setting base-

line to 1 n.u. [normalized units]) to reflect changes in the depth of breathing. Normalized

minute ventilation values were calculated by multiplying normalized tidal volume by the

respiratory rate (setting baseline to 1 n.u.). Repeated-measures analysis of variance with

Šidák correction for multiple comparisons (SPSS, Version 24, IBM, Chicago, IL) was used to

Fig 2. Renal sympathoinhibition in response to phenylephrine injection. Phenylephrine (1 μg/ml) was injected intravenously to assess RSNA

inhibition. The raw RSNA was full-wave rectified, and non-overlapping 10-second averages (minus noise) were calculated to demonstrate inhibition in

RSNA. The arrow denotes the timing of the phenylephrine injection.

https://doi.org/10.1371/journal.pone.0187956.g002
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determine which 10-second periods differed with respect to baseline for each variable. Data

are reported as mean ± standard deviation; p� 0.05 was set for statistical significance.

Histology and verification of effective site locations

Effective sites were marked with Oil Red-O or pontamine sky blue dye; the use of two dyes per-

mitted the differentiation of multiple effective sites in the event that they were within close

proximity. At the end of the experiment, rats underwent intracardiac perfusion with 0.9%

saline followed by 4% paraformaldehyde. The brain was removed, post-fixed, and frozen.

Serial frozen 20-μm sections were cut in the coronal plane for histological localization of

microinjection sites. Sections were incubated in nicotinamide adenine dinucleotide phosphate

(NADPH) and nitroblue tetrazolium (Sigma-Aldrich Co., St. Louis, MO) to label NADPH-dia-

phoresis-positive cells [34], a marker conventionally used to identify the PPT [35].

Results

Of a total of 239 pressure microinjections in 18 rats (on average 13.3 DLH microinjections

were introduced per rat), 20 renal sympathoexcitatory effective sites were identified. The dia-

grammatic representations in Fig 6 illustrate the locations of the effective sites throughout the

rostral-caudal extent of the PPT, with most identified in dorsal regions of the nucleus. DLH

microinjections evoked a significant increase in RSNA, both in the percent change in voltage

from baseline and in the firing rate (Fig 7, Panels A and B), which lasted approximately 30 sec-

onds. Responses were accompanied by an increase in mean arterial pressure (to 135.9 ± 36.4

mmHg from 101.6 ± 18.6 [baseline]; Fig 7, Panel C) and an increase in respiratory rate (to

150.0 ± 53.6 breaths per minute from 110.3 ± 41.2 [baseline]; Fig 7 panel D) at 20–30 seconds

after PPT activation. Normalized minute ventilation was significantly increased 10–20 seconds

after activating the effective site (1.4 ± 0.4 normalized units [n.u., baselines set to 1.0 ± 0]),

indicating that both the rate and depth of breathing were briefly altered after microinjecting

Fig 3. Respiratory modulation of RSNA. Panel A illustrates a representative example of BP, respiratory flow, and RSNA data from a rat. The full-wave

rectified RSNA was averaged in a 0.1 second window. RSNA activation is evident during inspiration. Panel B illustrates the characteristic RSNA pattern for

a single breath.

https://doi.org/10.1371/journal.pone.0187956.g003
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DLH into effective PPT sites (Fig 7, Panel E). Heart rate was not significantly altered by PPT

activation (Fig 7, Panel F).

Many sites (179 DLH microinjections) were encountered in the PPT that did not evoke

changes in RSNA, BP, or breathing; the locations of these ineffective areas are marked with

open circles in Fig 6 (overlapping circles are omitted to improve readability). Although prob-

ing continued in each experiment as long as the rat remained hemodynamically stable, only

two experiments identified more than one effective site in the PPT.

Discussion

The present study demonstrated for the first time that pharmacologic activation of the PPT

can evoke renal sympathoexcitation in Nembutal-anesthetized rats. Of the sites tested, 11%

evoked increases in RSNA, suggesting that this function may be restricted to a distinct sub-

group of PPT neurons. Importantly, PPT activation had an excitatory effect on both RSNA

and respiratory parameters. RSNA was significantly elevated for 30 seconds after PPT stimula-

tion, and respiratory rate remained increased for an additional 20 seconds. Two explanations

Fig 4. Repeated DLH microinjections into the same PPT location evoke renal sympathoexcitation, increased BP, and ventilatory changes.

Panels A, B, and C represent responses with 5 minutes separating activation of the same PPT location. The three arrows denote the timing of 10 nL DLH

pressure microinjections into the PPT.

https://doi.org/10.1371/journal.pone.0187956.g004
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for these observations can be considered: (1) PPT activation evoked hyperventilation, which

resulted in reflex activation of RSNA, or (2) the PPT neurons with excitatory projections that

activate the renal sympathetic nerves also regulate respiration. If PPT activation increased ven-

tilation and intrathoracic pressure, this could have reflexive consequences for increasing sym-

pathetic activity [36,37]. However, the observations from the present study provide support for

the latter argument because PPT activation caused simultaneous increases in RSNA and respi-

ratory rate, while the timing of the pressor effect paralleled the elevation in RSNA. Therefore,

we conclude that the change in sympathetic drive caused the BP elevation and that increased

RSNA was the direct effect of PPT neuron activation. Interestingly, heart rate remained stable

after PPT activation and was not reflexively altered by the longer-lasting changes in ventila-

tion, which may indicate that PPT neurons differentially influence sympathetic outflow.

Data from previous studies demonstrated that pharmacologic activation of the PPT can

modulate respiration, but these investigations did not monitor RSNA [15,16,38,39]. The loca-

tion of PPT activation has been associated with distinct respiratory responses in anesthetized

animals [15,16], and respiratory-modulating neurons have been found throughout the PPT.

Lydic and Baghdoyan demonstrated respiratory depression in response to electrical stimula-

tion of NADPH-d-positive PPT neurons in Nembutal-anesthetized cats [39]. In a study by

Fig 5. Rate-meter analysis illustrating increased firing rate (spikes per second). Renal sympathoexcitation was evoked by

microinjecting DLH (arrow) into the PPT.

https://doi.org/10.1371/journal.pone.0187956.g005
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Saponjic et al., microinjections of glutamate into the PPT caused anesthetized rats to alternate

between tachypnea and bradypnea/apnea [16]. In the present study, however, activation of

each sympathoexcitatory effective site was consistently associated with increases in respiratory

frequency rather than the decreases or complex/alternating patterns found in other studies

[15,16]. Findings from Topchiy et al. support a topographic organization for respiratory-mod-

ulating neurons in the PPT; microinjections of glutamate caused apnea when injected near the

lateral margins of the PPT, although tachypnea was evoked with injections at the ventrolateral

PPT [15].

The neurotransmitter systems involved in the central regulation of sympathetic activities

have not been fully defined. Acetylcholine plays a critical role in the regulation of respiration

in the PPT and other brainstem nuclei [39]. Because cholinergic neurotransmission is

Fig 6. Diagrammatic representation of effective and ineffective sites in the PPT. This semischematic drawing shows three coronal sections of the

pontine reticular nuclei. Panels A, B, and C are based on diagrams from Paxinos and Watson, 2006 [31], corresponding with Figs 49, 50, and 52 in that

reference (-7.3, -7.6, and -8.0 mm from the bregma, respectively). Each effective site is labeled with its experiment number in Panels A-C (when two

effective sites were found in a single rat, they are labeled “a” and “b”). Red circles in Panels A-1, B-1, and C-1 correspond with the above images with 2x

magnification. Black circles represent sites where DLH was microinjected but did not evoke a change in RSNA (i.e., ineffective sites). Ineffective sites that

overlapped locations or were found in sections of the PPT without any effective sites are not shown in Fig 6. Panels D and D-1 shows NADPH-diaphoresis-

positive neurons (labeled with a dark blue reaction product) and the Oil Red-O dye used to label the injection track in a section -8.0 mm from the bregma;

the effective site is at the most ventral portion of the track. Abbreviations: PnO: nucleus reticularis pontis oralis; SCP: superior cerebellar peduncle; PPT:

pedunculopontine tegmentum.

https://doi.org/10.1371/journal.pone.0187956.g006
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important in BP-regulating connections between the PPT and RVLM [17,18,40,41], and

because the RSNA-modulating neurons in the present study were found in areas containing

NADPH-d-positive neurons, it is possible that cholinergic PPT neurons can modulate RSNA.

Cholinergic PPT neurons already have a well-established role in controlling behaviors that cor-

relate with diverse changes in sympathetic activation, such as REM sleep and arousal [42–45].

Considering that the PPT is a heterogeneous nucleus, the potential contributions of other phe-

notypes of PPT neurons, including serotonergic and glutamatergic PPT neurons, cannot be

ruled out until conducting further investigation.

Studying the PPT in disease neurobiology is a priority area of research considering that

deep brain stimulation of the PPT has been used as a treatment for the motor symptoms of

Parkinson’s disease [46]. Continued research on the role of PPT neurons in the neural control

of kidney function will be important for determining whether deep brain stimulation could

evoke unintended renal and cardiovascular responses and to determine how such effects could

be optimally managed. Considering that anesthesia can modify sympathetic and cardiovascu-

lar responses, barbiturate anesthesia represents an important limitation of the present study

[47]. Consistent with the mean heart rate values in the present study, other investigators

observed bradycardia in rats receiving barbiturates [48]. Studies in conscious rats will be criti-

cal for future investigations of the PPT; chronic models where responses can be measured dur-

ing wakefulness and during sleep will be particularly informative for determining whether the

PPT could represent a therapeutic target for conditions involving sympathetic over-activity

Fig 7. DLH microinjections evoked renal sympathoexcitation, increased mean arterial pressure, and increased respiratory rate. Values are

mean ± standard deviation. * denotes values significantly different from baseline. Compared with baseline values, DLH microinjections caused a

significant increase in RSNA (percent change from baseline, Panel A; firing rate, Panel B) lasting 30 seconds. Mean arterial pressure increased and

remained elevated for 30 seconds (Panel C). Respiratory rate increased significantly, lasting 50 seconds after PPT activation (Panel D). Respiratory

minute ventilation was assessed by calculating a normalized tidal volume for each 10-second segment (relative to the baseline period, which was set to 1

n.u.) and multiplying by the respiratory rate. Normalized tidal volume was not statistically different from baseline for any of the 10-second periods (data not

shown), but normalized minute ventilation was significantly elevated 10–20 seconds after PPT activation (Panel E). Heart rate did not change significantly

(Panel F).

https://doi.org/10.1371/journal.pone.0187956.g007
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and deteriorating renal function. An understanding of how pontine mechanisms contribute to

neural control of the kidney is important for treating a variety of human diseases.
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