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Key points 

 

 To maintain appropriate blood flow to various tissues of the body under a 

variety of physiological states, autonomic nervous system reflexes regulate regional 

sympathetic nerve activity and arterial blood pressure. 

 Our data in anesthetized rats revealed that glycine released in the RVLM 

plays a critical role in maintaining arterial baroreflex sympathoinhibition. 

 Manipulation of brainstem nuclei with known inputs to the RVLM (NTS and 

CVLM) unmasked tonic glycinergic inhibition in the RVLM. 

 Patch-clamp, whole-cell recordings demonstrate that both GABA and glycine 

inhibit RVLM neurons. 

 Potentiation of neurotransmitters release from the active synaptic inputs in the 

RVLM produced saturation of GABAergic, and emergence of glycinergic inhibition. 

 Our data suggest that GABA controls threshold excitability, while glycine 

increases the strength of inhibition under conditions of increased synaptic activity 

within the RVLM. 

 

Abstract 

 

The arterial baroreflex is a rapid negative-feedback system that compensates 

changes in blood pressure (BP) by adjusting output of presympathetic neurons in the 

rostral ventrolateral medulla (RVLM). GABAergic projections from the caudal VLM 

(CVLM) provide a primary inhibitory input to presympathetic RVLM neurons. 

Although glycine-dependent regulation of RVLM neurons has been proposed, its role 

in determining RVLM excitability is ill-defined. The purpose of this study was to 

determine the physiological role of glycinergic neurotransmission in baroreflex 

function, identify mechanisms for glycine release, and evaluate co-inhibition of RVLM 

neurons by GABA and glycine. Microinjection of the glycine receptor antagonist 

strychnine (4 mM, 100 nl) into the RVLM decreased the duration of baroreflex-

mediated inhibition of renal sympathetic nerve activity (RSNA) (Control = 12 ± 1; 

RVLM-strychnine = 5.1 ± 1 min), suggesting that RVLM glycine plays a critical role in 

regulating the time course of sympathoinhibition. Blockade of output from the 
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nucleus tractus solitarius (NTS) and/or disinhibition of the CVLM unmasked tonic 

glycinergic inhibition of the RVLM. To evaluate cellular mechanisms, RVLM neurons 

were retrogradely labeled (prior injection of pseudorabies virus [PRV-152]) and 

whole-cell, patch-clamp recordings were obtained in brainstem slices. In steady state 

conditions GABAergic inhibition of RVLM neurons predominated and glycine 

contributed less than 25 % of overall inhibition. In contrast, stimulation of synaptic 

inputs in the RVLM decreased GABAergic inhibition by 35 % and increased 

glycinergic inhibition by 47 %. Thus, under conditions of increased synaptic activity in 

the RVLM, glycinergic inhibition is recruited to strengthen sympathoinhibition.  

 

Abbreviation list: 

4-AP - 4-aminopyridine  

ACSF - artificial cerebrospinal fluid  

Bic – bicuculline 

BP - blood pressure  

CVLM - caudal ventrolateral medulla  

GABAAR - GABAA receptors  

GFP - green fluorescent protein  

GlyR - glycine receptors  

IPSC - inhibitory postsynaptic currents  

MAP - mean arterial pressure  

mIPSC - miniature inhibitory postsynaptic currents  

NTS - nucleus tractus solitarius  

PRV-152 - pseudorabies virus-152  

RM - repeated measures  

RSNA - renal sympathetic nerve activity  

RVLM - rostral ventrolateral medulla 

SNS - sympathetic nervous system  

Str – strychnine 

TTX - tetrodotoxin  
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Introduction 

 

The arterial baroreflex provides a rapid negative feedback loop to maintain 

blood pressure (BP) through reciprocal activation or inhibition of the parasympathetic 

and sympathetic branches of the autonomic nervous system. Modulation of 

GABAergic inhibition of presympathetic neurons in the rostral ventrolateral medulla 

(RVLM) is a primary mechanism for depressor and sympathoinhibitory responses 

(Llewellyn-Smith & Verberne, 2011; Guyenet et al., 2013). The RVLM receives 

GABAergic inputs from midbrain, medullary regions and other brain areas (Llewellyn-

Smith & Verberne, 2011; Bowman et al., 2013; Guyenet et al., 2013). GABAergic 

neurons in the caudal VLM (CVLM) are the main source of baroreflex mediated 

inhibition in the RVLM (Sun & Guyenet, 1985; Schreihofer & Guyenet, 1997; Chan & 

Sawchenko, 1998; Dampney et al., 2003a; Dampney et al., 2003b; Llewellyn-Smith 

& Verberne, 2011; Guyenet et al., 2013). Interestingly, co-localization of GABA and 

glycine has been found in the RVLM (Llewellyn-Smith et al., 2001; Stornetta et al., 

2004). Focal electrical stimulation triggered GABAergic and glycinergic synaptic 

currents in presympathetic RVLM neurons, suggesting that they receive GABAergic 

and/or glycinergic synaptic inputs (Dun & Mo, 1989; Deuchars et al., 1997). On the 

other hand, under control conditions blockade of GABAergic, but not glycinergic 

neurotransmission in the RVLM increases sympathetic nerve activity and BP 

(Blessing, 1988; Guyenet et al., 1990; Amano & Kubo, 1993; Cravo & Morrison, 

1993; Heesch et al., 2006), suggesting that RVLM neurons are primarily under 

sustained tonic GABAergic inhibition; however, possible mechanisms of glycine 

release and a potential role for co-inhibition of presympathetic RVLM neurons by 

GABA and glycine is not known. 

In general, GABA and glycine generate fast synaptic currents (inhibitory 

postsynaptic currents [IPSCs]) by acting at distinct populations of postsynaptic 

ionotropic receptors. They can be co-released from a single synapse (Jonas et al., 

1998; O'Brien & Berger, 1999; Nabekura et al., 2004; Dufour et al., 2010; Takazawa 

& MacDermott, 2010) consistent with synaptic co-localization of GABA and glycine 

(Llewellyn-Smith et al., 2001; Nabekura et al., 2004; Stornetta et al., 2004; Dufour et 

al., 2010). In addition, GABA and glycine share a common vesicular transporter 
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(Wojcik et al., 2006) and GABAA receptors (GABAAR) and glycine receptors (GlyR) 

are usually clustered together on postsynaptic cells (Levi et al., 1999; Fischer et al., 

2000; Kneussel & Betz, 2000). Despite the fact that GABAergic and glycinergic 

neurotransmission are closely related, the kinetics of the current (i.e. rise and decay 

time) are different. Since GABA induces a sustained, and glycine a transient 

inhibition, this difference has implications for the strength and timing of inhibition 

(Russier et al., 2002; Rahman et al., 2013; McMenamin et al., 2016). Moreover, both 

GABAAR and GlyR undergo developmental maturation with changes in receptor 

subunit composition and faster kinetics (Liu & Wong-Riley, 2013). 

In contrast to the information available on GABAergic inhibition of RVLM 

neurons, the role of glycine in the control of RVLM excitability and baroreflex function 

is less well understood. Previously we reported that GlyR in the RVLM mediated 

GABAAR-independent inhibition of BP and renal sympathetic nerve activity (RSNA) 

(Heesch et al., 2006). The purpose of the present investigation was to determine the 

potential physiological significance of glycinergic inhibition; identify the mechanisms 

of glycine release; and evaluate the co-inhibition of presympathetic RVLM neurons 

by GABA and glycine.  

 

Methods 

 

Ethical Approvals 

Male Sprague Dawley rats were purchased from ENVIGO (USA) and Animal 

Resources Center (Australia). The animals were housed in an institutionally 

approved on-site animal care facility with a 12 hours light/dark cycle, constant room 

temperature (22 0C) and humidity (40 %), and food and water available ad libitum. 

Housing of animals and experiments were performed following the guidelines of the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals and 

the Australian Code of Practice for the Care and Use of Animals for Scientific 

Purposes. All experiments were approved by the Institutional Animal Care and Use 

Committees of University of Missouri, Tulane University and the Florey Animal Ethics 

Committee – Melbourne, Australia. The investigators understand the ethical 



 

 

 

 
This article is protected by copyright. All rights reserved. 

 
6 

 

principles under which the journal operates and that our work complies with this 

animal ethics principles (Grundy, 2015). 

Role of glycine in the RVLM on arterial baroreflex responses (Florey Institute 

of Neuroscience and Mental Health)  

Adult male Sprague-Dawley rats (250 - 350 g, n = 6) were anesthetized 

(pentobarbitone 60 mg/kg i.v.), paralyzed (pancuronium bromide, 1 mg/kg i.v.), and 

artificially ventilated, as previously described (Korim et al., 2012). Following 

paralyzing agent, maintenance of anesthesia was verified by a < 10 mmHg change 

in mean blood pressure in response to paw pinch. Temperature was kept at ~37.5 ± 

0.5 0C by a thermostat controlled heating pad, connected to a rectal probe. 

The left renal sympathetic nerve was prepared and recorded using bipolar 

silver hook electrodes as previously described (Yao et al., 2015). The activity was 

amplified (x10000) and filtered (100 - 1000 Hz). Signals were sampled at 10 kHz, 

and digitized. Neurograms were quantified by rectifying and time-averaging with a 1 

second time constant, followed by subtraction of the noise level (0 %). and 

normalization adopting baseline as 100 %. Baseline nerve activity was taken as the 

average of 5 minutes recordings in arbitrary units prior to baroreflex challenge.  

The right femoral vein and artery were cannulated for drug administration and 

arterial BP recordings, respectively. Heart rate and mean arterial BP were derived 

from the BP channel. Following ~5 minutes stable RSNA recordings (i.e. baseline), 

bolus injections of phenylephrine (5 µg/kg i.v.) were administered and baroreflex 

mediated inhibition of RSNA was assessed before and 10 minutes after blockade of 

glycine receptors in the RVLM (strychnine, 4 mM, 100 nl). Stereotaxic coordinates 

and procedures for microinjections into the RVLM were as previously described 

(Korim et al., 2014). 

Strychnine was diluted in a solution containing 2 % red fluorescent latex 

microbeads diluted in artificial cerebrospinal fluid (ACSF [in mM]: NaCl, 128; KCl, 

2.6; NaH2PO4, 1.3; NaHCO3, 2; CaCl2, 1.3; MgCl2, 0.9). Fluorescent latex beads 

were injected to identify the center of injection. Following assessment of baroreflex 

function, animals were euthanized with pentobarbitone overdose (100 mg/kg), 

transcardially perfused with phosphate-buffered saline followed by 4 % 

paraformaldehyde in 10 mM phosphate buffer, pH 7.4. Brains were removed and 
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processed for histology, and microinjection sites were identified histologically as 

described previously (Korim et al., 2014). 

Tonic glycinergic inhibition in the RVLM (University of Missouri) 

In 28 adult male Sprague-Dawley rats (245 - 360 g) anesthesia was induced 

with isoflurane and slowly transitioned to inactin (100 mg/kg i.v.). Rats were 

artificially ventilated (room air supplemented with O2) and paralyzed with continuous 

i.v. infusion of gallamine triethiodide (25 mg/kg/h for first 15 min; then 12.5 mg/kg/h 

for remainder of experiment). Neuromuscular blockade in ventilated animals was 

used for all in vivo experiments to eliminate potential changes in respiration and 

pulmonary reflexes which could contribute to observed responses. Depth of 

anesthesia was assessed at 15 minutes intervals as described above and 

supplemental anesthetic (inactin, 10 mg/kg i.v.) was administered as needed. 

Placement of vascular catheters, recording of arterial pressure, and RSNA 

procedures were conducted as described above. During experiments, brainstem 

nuclei were targeted based on stereotaxic coordinates, and functionally defined by 

appropriate BP and RSNA responses to microinjection of glutamate (30 nl, 10 mM). 

All CNS microinjections were bilateral and administered serially with ≤ 1 minute 

between the left and right side. At the end of experiments rats were given a lethal 

dose of euthanasia solution (Somnasol, 390 mg pentobarbital sodium + 50 mg 

phenytoin sodium in 1 ml, intraperitoneal, i.p.); transcardially perfused; brains 

harvested; and proper pipette placement subsequently verified by histological 

evaluation similar to methods described previously (Heesch et al., 2006).  

 BP and RSNA responses to bilateral injections into the RVLM of strychnine (3 

mM, 100 nl) followed by bicuculline (4 mM, 100 nl) at the peak response to 

strychnine, were evaluated in four groups of rats. Control rats (n = 5) received no 

other treatment. In a second group of rats, to first block output from the NTS, 

muscimol (60 nl, 2 mM) was microinjected bilaterally into the NTS (NTS-X, n = 5). 

Responses to microinjection of strychnine plus bicuculline into the RVLM were tested 

30 - 60 minutes after NTS blockade. Neuronal circuits within the CVLM were 

activated (disinhibited) by bilateral microinjection of bicuculline (100 nl, 4 mM) into 

the CVLM in a third group of rats (CVLM-B, n = 6). Responses to strychnine plus 

bicuculline in the RVLM were then tested 7 - 10 minutes after disinhibition of the 
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CVLM. In a fourth group of rats, the NTS was first blocked by muscimol, followed by 

disinhibition of the CVLM, and responses to strychnine plus bicuculline in the RVLM 

were then tested (CVLM-B [NTS-X], n = 6). RSNA was expressed as percent of 

initial baseline values before any CNS microinjections were performed. 

 In a separate group (n = 6), rats were prepared as described above for 

bilateral microinjection of muscimol into the NTS. Arterial pressure and RSNA were 

recorded and the time course of NTS blockade was evaluated. Arterial baroreflex 

inhibition of RSNA in response to i.v. phenylephrine (5 µg/Kg) was tested before and 

5, 30, 60, 90, and 120 minutes after bilateral NTS muscimol injections.     

 

Slice electrophysiology (Tulane University) 

In 36 male Sprague-Dawley rats (4 - 6-week-old) we studied 52 neurons. 

Pseudorabies virus 152 (PRV-152; a retrogradely transported viral vector strain 

isogenic with PRV-Bartha that reports enhanced green fluorescent protein (GFP), 

supplied by NCRR CNNV Virus Center. PRV-152 was used to identify neurons in the 

RVLM (Gao & Derbenev, 2013). Briefly, under isoflurane anesthesia (2-3 %), a small 

dorso-lateral incision was made to expose the left kidney. Two injections (2 µl each) 

of PRV-152 (1×108 plaque-forming units per milliliter) were made into the cortex of 

the left kidney with a glass pipette with a tip diameter of 50 µm. To minimize 

discomfort during and after PRV-152 infection, the animals were treated with 

subcutaneous injection of buprenorphine (0.05 mg/kg). After surgery animals were 

maintained in a biosafety level 2 facility. 

At 90 - 96 hours after inoculation with PRV-152, rats were anaesthetized with 

2-3 % of isoflurane and then decapitated. Transverse brainstem slices (~300 μm 

thick, ~2 per brain) containing PRV-labeled RVLM neurons were made with a 

vibrating microtome (Vibratome Series 1000) and stored at 34 - 37 0C. PRV-152 

labeled RVLM neurons were visualized and targeted for recording based on their 

fluorescence and via post hoc identification using the avidin-Texas Red reaction 

(Derbenev et al., 2004). Recording pipettes were directed to these neurons using 

infrared deferential interference contrast optics (Nikon FN1) with a 40x water-

immersion objective. Patch electrodes (2 - 6 MΩ) were filled with a solution 

containing the following (in mM): 130 K-gluconate or Cs-gluconate, 1 NaCl, 5 EGTA, 
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10 Hepes, 1 MgCl2, 1 CaCl2, 2-4 ATP, 0.2 % biocytin, pH 7.2 - 7.4 (adjusted with 

KOH or CsOH). To demonstrate distribution of PRV-labeled neurons in the RVLM, a 

scanning laser confocal microscope (Leica DMi8) was used. 

Spontaneous IPSCs (sIPSCs) were examined at a holding potential of -10 mV. 

This experimental condition permitted us to exclude excitatory glutamatergic 

transmission without using glutamate receptor antagonists which could alter 

presynaptic release of inhibitory neurotransmitters (Xu & Smith, 2015; Boychuk & 

Smith, 2016). GABA (100 µM) and glycine (500 µM) were bath applied. To segregate 

GABAergic from glycinergic IPSCs we used bicuculline methiodide (30 µM). 4-

aminopyridine (4-AP), a non-selective, voltage-dependent potassium channel 

blocker was used to prolong depolarization of neurons and increase the release of 

neurotransmitters from active synapses (Thompson, 1977). 4-AP was dissolved in 

ACSF and bath applied for 3-5 minutes at final concentration of 2 mM. Tetrodotoxin 

(TTX), a voltage-activated sodium channel blocker was used to diminish action 

potential dependent neurotransmitter release. The frequency and amplitude of 

sIPSCs and miniature IPSCs (mIPSCs) were analyzed within individual neurons as 

described previously (Gao & Derbenev, 2013). The mean phasic current (integrated 

current of IPSCs) was calculated using the equation: Iphasic = f × Q, where f is the 

synaptic frequency and Q is the charge transfer measured as the area under the 

IPSC (Park et al., 2006; Gao & Smith, 2010a). All of the chemicals for in vivo and in 

vitro studies were obtained from Sigma-Aldrich and Tocris. 

 

Experimental Design and Statistical Analysis 

The effect of RVLM strychnine on the time course of baroreflex inhibition was 

determined by the period between the response onset and return to baseline level. 

D’Agostino & Pearson omnibus test was performed to verify normal distribution of 

the data. Parametric statistical analysis was performed using two-tailed paired 

Student’s t-test. All statistical tests for baroreflex experiments were performed using 

GraphPad Prism 5.0.  

The effects of NTS inhibition by muscimol, disinhibition of the CVLM, and the 

combination of the two, on tonic responses to strychnine and bicuculline in the RVLM 

were evaluated. Two-way repeated measures (RM) ANOVA was used to compare 
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mean arterial pressure (MAP) or RSNA values at baseline (prior to RVLM injections, 

100 %), peak response to RVLM strychnine, and peak response to RVLM 

bicuculline, among the 4 groups. If a significant interaction between group (Control, 

NTS-X, CVLM-B, CVLM-B [NTS-X]) and treatment (RM = Base, Strychnine, 

Bicuculline) was present, analyses for treatment and group effects were performed 

followed by post hoc Student-Newman-Keuls test (Sigma Plot 12.5). To evaluate 

effects of pre-treatments prior to RVLM injections, MAP and RSNA before and after 

NTS muscimol were compared by two-tailed paired t-test and biphasic effects of 

bicuculline in the CVLM (with and without prior NTS muscimol) were compared by 

two-way RM ANOVA. In order to meet criteria of normality and equal variance, in 

some instances square root or log transformations were performed prior to statistical 

comparison. Data evaluating the time course of NTS blockade with muscimol were 

evaluated using one-way RM ANOVA. 

Effects of bicuculline, strychnine, TTX, and 4-AP on frequency and amplitude 

of IPSCs in brain slice experiments were analyzed within a recording using the 

Kolmogorov-Smirnov (K-S) test (a nonparametric, distribution-free goodness-of-fit 

test for probability distributions), with at least 1 minute of continuous activity being 

measured for each condition. The frequency and amplitudes of IPSCs, input 

resistance and the resting membrane potential within one neuron were analyzed 

using a paired, two-tailed Student's t-test for Gaussian distributed values or two-

tailed Wilcoxon matched-pair signed rank test for non-Gaussian distributed values. 

Multiple comparisons within the population for figure 8 and figure 9 were performed 

with one-way ANOVA for Gaussian distributed values or Friedman test followed by 

Dunn’s multiple comparisons test (GraphPad Prism 7.0) for non-Gaussian distributed 

values. Data is presented as mean ± S.E.M., and statistical significance was 

determined if P < 0.05.  

 

Results 

 

Glycine receptor blockade in the RVLM decreased the duration of baroreflex 

mediated sympathoinhibition   
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Phenylephrine (5 μg/kg i.v.) produced equivalent increases in mean arterial 

pressure before (ΔBP: +75 ± 4 mm Hg) and after (ΔBP: +78 ± 5 mmHg) bilateral 

RVLM microinjections of strychnine (4 mM, 100 nl) (n = 6, t(5) = 0.763, P = 0.24). 

Maximum baroreflex mediated inhibition of RSNA, achieved 15 s after phenylephrine 

injection, was also similar between control and RVLM strychnine trials (ΔRSNA: -98 

± 1 vs ΔRSNA: -98 ± 1 %), (n = 6, t(5) = 0.163, P = 0.438) (Fig. 1 C). However, as 

illustrated in recordings from one rat, the duration of inhibition of RSNA following 

phenylephrine was reduced by prior blockade of glycine receptors in the RVLM (Fig. 

1 A). Group data (Fig. 1 B and C right) illustrate a reduction in efficiency of the 

baroreflex as evidenced by a faster recovery of RSNA to baseline levels, (5.1 ± 1.0 

vs 11.6 ± 1.3 min, n = 6, t(5) = 3.457, P = 0.009) in comparison to control. 

Synchronous pulse-triggered sympathetic modulation confirmed that RSNA was 

cardiovascular related (Fig. 1 D).  

 

Blockade of NTS and disinhibition of the CVLM unmasked glycinergic 

inhibition of the RVLM 

Representative examples of responses to microinjection of strychnine and 

bicuculline into the RVLM in individual rats from each group are shown in figure 2. 

Mean data are shown in figure 3. Responses to GlyR and GABAAR blockade in the 

RVLM were compared among the four groups by two-way RM ANOVA which 

revealed an interaction between treatment (base, strychnine, and bicuculline) and 

group (Control, NTS-X, CVLM-B and CVLM-B[NTS-X]) for both MAP (F(6,36) = 

3.781, P = 0.005) and RSNA data (F(6,36) = 6.334, P < 0.001). In inactin 

anesthetized rats, bilateral blockade of glycine receptors in the RVLM did not alter 

MAP or RSNA in Control rats, while subsequent blockade of GABAAR in the RVLM 

resulted in significant increases in both MAP and RSNA (Fig. 2 A and Fig. 3 A, B). In 

rats that received NTS blockade (Fig. 2 B), disinhibition of the CVLM (Fig. 2 C), or 

both (CVLM-B [NTS-X]; Fig. 2 D), strychnine in the RVLM increased MAP and 

RSNA, and the addition of bicuculline resulted in further pressor and 

sympathoexcitatory effects (Fig. 3 A, B).  

The comparisons of most interest in these experiments were responses to 

blockade of RVLM GlyR and GABAAR within the groups. However, two-way RM 
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ANOVA also revealed group effects for MAP, and in general MAP tended to be 

greater in groups with more surgical manipulation prior to RVLM injections. Although 

2-way RM ANOVA on RSNA data revealed a significant interaction between group 

and treatment, there were no significant effects of group in the within treatment 

analysis. 

In order to specifically evaluate the effects of manipulations in brainstem 

regions other than the RVLM, the effects of NTS muscimol and CVLM bicuculline 

were evaluated within the subgroups of animals that received these treatments. For 

these comparisons RSNA was expressed as percent of the baseline value prior to 

the specific manipulation (average of 2 – 5 min). Muscimol was injected bilaterally 

into the NTS in 11 rats. Comparison of values before and after muscimol revealed 

that, in these anesthetized and gallamine-paralyzed rats, NTS muscimol by itself did 

not change baseline MAP (+2 ± 4 mmHg, n = 11, Wilcoxon Signed Rank Test, P = 

0.21) or RSNA (+6 ± 8 %, t(10) = -0.472, P = 0.434). 

Recordings at the time of CVLM bicuculline injections were available in 6 rats 

without prior NTS muscimol (CVLM-B) and 5 rats with CVLM-B injections in the 

presence of NTS muscimol (CVLM-B [NTS-X]). Biphasic responses to CVLM 

bicuculline were compared by 2-way RM ANOVAs. For MAP there was no effect of 

group (F(1,9) = 1.037, P = 0.335) and a main effect of treatment (F(2,18) = 102.6, P 

< 0.001), such that bicuculline in the CVLM resulted in transient decreases in MAP 

(P < 0.001, CVLM-B group = -17 ± 3, CVLM-B [NTS-X] group = -18 ± 3 mmHg), that 

then stabilized at levels above baseline (P < 0.001, CVLM-B = +12 ± 3, CVLM-B 

[NTS-X] = +18 ± 4 mmHg). For RSNA there was an interaction between group and 

treatment (F(2,18) = 4.355, P = 0.029). In both the CVLM-B (-30 ± 2 %, P = 0.025) 

and the CVLM-B[NTS-X] (-38 ± 11 %, P < 0.001) groups, there was a transient 

decrease in RSNA in response to bilateral CVLM bicuculline. In the CVLM-B group, 

RSNA partially recovered and stabilized at 88 ± 8 % of baseline. In the CVLM-

B[NTS-X] group, RSNA increased to levels significantly above baseline (+22 ± 16 %, 

P = 0.005).  

During experiments in which the NTS was blocked prior to injections into the 

RVLM, baroreflex inhibition of RSNA in response to a bolus i.v. injection of PE (5 

ug/kg) was tested before and 5 – 10 minutes after NTS muscimol. The ratio of 
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%∆RSNA/∆ MAP was used as an estimate of baroreflex sensitivity. After NTS 

muscimol, baroreflex sensitivity was significantly less after (0.01 ± 0.05) compared to 

before NTS-X (-1.84 ± 0.23 % RSNA/mmHg) (Paired t-test, t = -7.7 (6); P = 0.001). 

Time control experiments in a separate group of rats (n = 6) verified that bilateral 

NTS muscimol eliminated baroreflex responses for a time period equivalent to the 

time required to complete the RVLM injection protocols following NTS muscimol (≤ 

90 min). Compared to the control state, and consistent with attenuation of baroreflex 

compensation, increases in MAP due to repeated i.v. phenylephrine injections were 

greater following bilateral NTS muscimol (F(5,25) = 6.434, P < 0.001). Baroreflex-

mediated sympathoinhibition was greatly reduced for 90 minutes following bilateral 

NTS muscimol, and began to recover by 2 hours (1-way RM ANOVA, Table 1). 

[RSNA, F(5,25) = 56.9, P < 0.001); ΔRSNA/ΔMAP, F(5,25) = 66.7, P < 0.001)]. In 

the current experiments bilateral injections of bicuculline in the CVLM were 

performed immediately prior to RVLM injections. Previous experiments from our 

laboratory have verified blockade of GABAAR by bicuculline in the CVLM for a time 

period equivalent to the current experiments (Heesch et al., 2006).  

 

GABA and glycine increased membrane conductance of RVLM neurons 

The input resistance reflects all ionic currents passing through an entire cell 

membrane with the exception of capacity current. To demonstrate the amount of 

ionic current mediated by GABAAR and GlyR after application of their agonists, 

series of current steps were applied to PRV-labeled RVLM neurons (Fig. 4 A-E). 

Bath application of GABA (100 µM) significantly decreased input resistance of RVLM 

neurons from 214.9 ± 31.6 to 119.4 ± 19.6 MΩ (n = 8, t(7) = 4.075, P = 0.005, Fig. 3 

B), which demonstrates increased membrane conductance due to activation of 

GABAAR. Moreover, application of GABA (100 µM) hyperpolarized RVLM neurons 

from -48.7 ± 3.4 to -56.4 ± 3.4 (n = 10, Wilcoxon matched-pair signed rank test, P = 

0.002, Fig. 4 F, G). 

Activation of GlyR (glycine, 500 µM) also significantly decreased whole-cell 

input resistance from 297.4 ± 62.3 MΩ to 73.8 ± 16.4 MΩ (n = 9, Wilcoxon matched-

pair signed rank test, P = 0.0039, Fig. 4 C-E). Moreover, we found that application of 

glycine (500 µM) hyperpolarized RVLM neurons from -45.41 ± 2.12 mV to -54.42 ± 
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1.71 mV (n = 12, t(11) = 6.836, P = 0.0001, Fig. 4 H, I). These data suggest that both 

GABAAR and GlyR are present in the RVLM as proposed earlier (Stornetta et al., 

2004; Heesch et al., 2006). To demonstrate location of PRV-labeled and patch-

clamp recorded neurons we identified some of them by using the avidin-Texas Red 

reaction (Fig. 5). 

 

 

 

GABA and glycine generated spontaneous and miniature postsynaptic 

currents in RVLM neurons 

In the RVLM, GABAAR and GlyR are the primary sources of IPSCs (Dun & 

Mo, 1989; Hayar et al., 1997; Gao & Derbenev, 2013). To demonstrate active 

GABAergic and glycinergic neurotransmission, PRV-labeled RVLM neurons were 

voltage-clamped at -10 mV and sIPSCs were recorded before and after application 

of bicuculline (30 µM, n = 13, Fig. 6). After application of bicuculline the average 

frequency of sIPSCs was reduced from 3.3 ± 1.3 Hz to 1.1 ± 0.5 Hz (n = 8, Wilcoxon 

matched-pair signed rank test, P = 0.008, Fig. 6 F). In five neurons application of 

bicuculline caused repetitive burst sIPSCs activity, therefore these cells were not 

included in the analysis. 

The overall amplitude of sIPSCs was significantly smaller after application of 

bicuculline (39.7 ± 7.9 pA vs 29.1 ± 5.8 pA, n = 8, t(7) = 3.407, P = 0.011, Fig. 6 G). 

Consistently, the average area under the sIPSCs was significantly decreased 

following bicuculline application from 249 ± 54 pA × ms to 150 ± 34 pA × ms (n = 8, 

t(7) = 3.625, P = 0.009, Fig. 6 H). Since decreased area under the IPSCs reflects 

diminished Iphasic and a reduction of synaptic strength, we calculated the total 

inhibitory Iphasic. The average inhibitory phasic current was 1.0 ± 0.43 pA before and 

0.19 ± 0.08 pA after bicuculline application (n = 8, Wilcoxon matched-pair signed 

rank test, P = 0.008, Fig. 5 I). These data demonstrate that in RVLM neurons 24.1 ± 

9.0 % of the total Iphasic is bicuculline insensitive. The existence of bicuculline 

insensitive sIPSCs suggests glycine-mediated inhibitory neurotransmission.  

mIPSCs were recorded in the presence of TTX (1 µM) a voltage-activated 

sodium channel blocker, which diminished action potential dependent 
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neurotransmitter release. The average frequency of mIPSCs was 0.9 ± 0.2 Hz and 

addition of bicuculline suppressed the frequency of mIPSCs to 0.15 ± 0.09 Hz (n = 8, 

Wilcoxon matched-pair signed rank test, P = 0.008) without altering the amplitude 

(data not shown). This is consistent with no changes observed in the area of 

mIPSCs after bicuculline application. 

 

4-AP application promoted release of glycine 

In the RVLM application of 4-AP potentiated active GABAergic and glycinergic 

neurotransmission. 4-AP was used to prolong depolarization of neurons and 

increase their neurotransmission. An example of recordings from an RVLM neuron is 

shown in Fig. 7. Bath application of 4-AP significantly increased the frequency of 

sIPSCs from 2.8 ± 1.9 Hz to 8.6 ± 2.6 (n = 9, Friedman, Dunn, P < 0.001, Fig. 8 A). 

To demonstrate that 4-AP promotes release of GABA and/or glycine, bicuculline was 

used to block GABAAR-mediated synaptic currents. Bicuculline application 

suppressed the frequency of sIPSCs to 5.3 ± 1.8 Hz (n = 9, Friedman, Dunn, P = 

0.029, Fig. 8 A). 

The amplitude of sIPSCs was also affected by 4-AP application. In the 

presence of 4-AP the amplitude of sIPSCs was significantly increased from 30.8 ± 

4.9 pA to 44.8 ± 4.9 pA (n = 9, ANOVA, F(2,16) = 5.964, Tukey, P = 0.01) and 

application of bicuculline significantly decreased it to 35.1 ± 6 pA (n = 9, F(2,16) = 

5.964, Tukey, P = 0.039, Fig. 8 B). Application of 4-AP also increased the area of 

sIPSCs. The mean area of sIPSCs was increased from 167.7 ± 27.9 pA × ms to 

385.3 ± 62.2 pA × ms after 4-AP application (n = 9, ANOVA, F(1.512, 12.1) = 6.361, 

Tukey, P = 0.046, Fig. 8 C). When the GABAAR mediated component of sIPSC was 

blocked by bicuculline, there was no significantly change in the mean area of the 

sIPSCs 263.5 ± 44.9 pA × ms (n = 9, ANOVA, F(1.512, 12.1) = 6.361, Tukey, P = 

0.176). Consistent with the increase in sIPSC area, the total inhibitory Iphasic was 

increased by 4-AP. In the control condition, the average Iphasic was 0.59 ± 0.43 pA 

and increased to 3.51 ± 1.15 after 4-AP application (n = 9, Friedman, Dunn, P = 

0.001). Application of bicuculline in the presence of 4-AP significantly decreased 

Iphasic to 1.72 ± 0.61 pA (n = 9, Friedman, Dunn, P = 0.014, Fig. 8 D). These results 
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suggest that the majority of the Iphasic is generated by action potential-dependent 

synaptic release of GABA and blockade of GABAAR reduces Iphasic. 

To evaluate whether the sIPSCs that remained after GABAAR blockade were 

generated by activation of GlyR, strychnine (1 µM), a competitive GlyR antagonist, 

was applied in the presence of 4-AP and bicuculline. Figure 8 E shows that 

application of strychnine after bicuculline blocked the remaining sIPSCs in a PRV-

labeled RVLM neuron. Responses were similar in 3 other neurons tested, such that 

the addition of strychnine almost completely eliminated IPSCs (0.09 ± 0.05 Hz, n = 

4).  

 

 

 

Discussion 

 

We identified a potentially important and previously undescribed mechanism 

of GlyR-dependent inhibition of RVLM neurons and the role of GlyR in baroreflex 

function. Our data demonstrate that blockade of GlyR in the RVLM shortened the 

recovery time of RSNA following an increase in BP. In addition, a baroreflex 

independent glycinergic inhibition of the RVLM was evident following blockade of the 

NTS. Disinhibition of the CVLM unmasked glycinergic inhibition of the RVLM which 

was evident with or without intact outputs from the NTS, suggesting that inputs from 

the CVLM to the RVLM drive glycinergic inhibition of the RVLM. In brain slice 

experiments, we showed that release of glycine requires potentiation of active 

inhibitory inputs. In the steady state condition, GABAergic sIPSCs were dominant. In 

contrast, when active inhibitory inputs were increased, glycinergic (bicuculline non-

sensitive) sIPSCs became predominant. We conclude that GABAAR in the RVLM are 

sufficient to provide initial and maximum baroreflex mediated inhibition of 

sympathetic outflow, but GlyR are required to control time course and strength of 

inhibition in the RVLM neurons.  

 

Glycine and baroreflex function  
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It is well established that presympathetic neurons in the RVLM represent the 

major descending input to preganglionic sympathetic neurons in the intermediolateral 

cell column of the spinal cord. Thus, presympathetic neurons in the RVLM are critical 

for determining the level of sympathetic vasomotor tone and short-term control of BP 

(Llewellyn-Smith & Verberne, 2011). The activity of RVLM neurons depends on the 

intrinsic properties of the neurons and the balance of inhibitory and excitatory 

synaptic inputs (Bowman et al., 2013). In the RVLM, GABA and glycine are often co-

expressed in the same presynaptic terminals (Ottersen et al., 1988; Llewellyn-Smith 

et al., 1995; Llewellyn-Smith et al., 2001; Llewellyn-Smith & Weaver, 2001; Stornetta 

et al., 2004), suggesting that both of these inhibitory transmitters may contribute to 

control of presympathetic neurons in the RVLM. In addition, GABA and glycine share 

the same presynaptic transporter (Wojcik et al., 2006) and GABAAR and GlyR cluster 

together on the post-synaptic membrane (Levi et al., 1999; Fischer et al., 2000; 

Kneussel & Betz, 2000). Microinjection of GABA or glycine into the RVLM decreases 

SNA and BP (Guertzenstein & Silver, 1974; Dampney et al., 2003a). However, in 

intact animals, blockade of GABAAR, but not GlyR, in the RVLM increases BP and 

SNA (Amano & Kubo, 1993; Heesch et al., 2006). In our experiments, transient 

increases in BP after bolus injection of phenylephrine resulted in inhibition of RSNA 

followed by recovery to initial baseline levels. Strychnine in the RVLM produced no 

changes in baseline BP and RSNA by itself. However, following blockade of RVLM 

GlyR, RSNA recovered to initial baseline levels more rapidly. These data suggest 

that glycinergic transmission in the RVLM normally contributes to arterial baroreflex 

mediated sympathoinhibition. Additional experiments revealed that blockade of the 

NTS, which provides excitatory inputs to both the CVLM and RVLM (Dampney et al., 

2003b; Llewellyn-Smith & Verberne, 2011; Guyenet et al., 2013), and disinhibition of 

the CVLM, which comprises a major inhibitory input to the RVLM (Dampney et al., 

2003b; Llewellyn-Smith & Verberne, 2011; Guyenet et al., 2013), unmasked 

glycinergic inhibition in the RVLM. 

We propose that the NTS and CVLM are part of the network that control 

glycine release in the RVLM. It is possible that inhibition of NTS neurons withdraws 

excitation of a pathway that normally suppresses glycine release in the RVLM. Since 

our data revealed that disinhibition of neurons in the CVLM alone caused tonic 
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glycine release in the RVLM, it is likely that the CVLM is a source of glycine in the 

RVLM.  

 

GABAergic and glycinergic inhibition of RVLM neurons 

Our electrophysiological data confirmed functional expression of GABAAR and 

GlyR on PRV-labeled RVLM neurons. Previous studies showed that focal electrical 

stimulation of the RVLM triggered evoked GABAergic and glycinergic synaptic 

currents, and GABAAR and GlyR - mediated sIPSCs were observed in the RVLM 

(Dun & Mo, 1989). It has been shown that GABAAR mediate the majority of IPSCs 

under steady state condition (Hayar et al., 1996; Gao & Derbenev, 2013), supporting 

the established view of GABA as the major inhibitory neurotransmitter in the RVLM. 

On the other hand, the robust decrease of BP after microinjection of glycine and the 

existence of GlyR-mediated IPSCs suggest that glycine plays a substantial, but ill-

defined role in control of RVLM excitability. Araujo and colleagues identified 

concentration-dependent effects of glycine microinjected into the RVLM of conscious 

rats (Araujo et al., 1999). The authors proposed that microinjection of high 

concentrations of glycine increased BP via modulation of NMDA receptors; however, 

a decrease in BP was observed during microinjection of low concentrations of 

glycine (Araujo et al., 1999). It is possible that the increase in BP seen with high 

concentrations of glycine in the RVLM is associated with diffusion of glycine to the 

CVLM and inhibition of RVLM-projecting GABAergic neurons in the CVLM. The 

result would be diminished GABAergic inhibition of RVLM neurons followed by an 

increase of BP. The decrease in BP observed with lower concentration of glycine in 

the RVLM would be due to direct effects on RVLM presympathetic neurons. In 

support of this interpretation, our electrophysiological data did not reveal 

depolarization or increased action potential firing of RVLM neurons after application 

of glycine (Fig. 4 H and I). Thus our data suggest that activation of GlyR in the RVLM 

inhibits PRV-labeled RVLM neurons.  

We have identified the mechanism of glycinergic and GABAergic co-inhibition 

in the RVLM. First, we segregated GABAergic IPSCs from glycinergic IPSCs by 

using bicuculline and strychnine, selective blockers of GABAAR and GlyR, 

respectively. It has been reported that 10-30 µM of bicuculline is the optimal 
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concentration to block GABAAR-mediated currents in slices from the hypothalamus, 

brainstem and spinal cord (Gao & Smith, 2010b; Takazawa & MacDermott, 2010; 

Gao & Derbenev, 2013). Strychnine was used to block glycine-mediated IPSCs, but 

the use of higher concentration of strychnine is not ideal because it also blocks 

GABAAR-mediated current (Braestrup & Nielsen, 1980). Recording of sIPSCs from 

PRV-labeled RVLM neurons in the presence of bicuculline revealed that a small 

portion of sIPSCs are generated by GlyR. The low frequency of glycinergic IPSCs is 

likely associated with the low probability of release of glycine from presynaptic 

inputs. Our experimental design did not allow us to identify and selectively stimulate 

inhibitory inputs containing GABA and/or glycine. To overcome this limitation we 

used a non-selective voltage-dependent potassium channel blocker (4-AP) to 

increase the release of neurotransmitters from active synapses in the RVLM. 

Llewellyn-Smith and Weaver showed that in the RVLM GABA and glycine are often 

found in the same presynaptic terminals and in cells bodies (Llewellyn-Smith & 

Weaver, 2001). We demonstrated that PRV-labeled RVLM neurons exhibit both 

GABAergic and glycinergic synaptic events. We also showed that release of glycine 

from presynaptic inputs requires potentiation of active synaptic inputs. However, it is 

essential to note that increased activity of synaptic inputs decreased percentage of 

GABAergic and increased percentage of glycinergic sIPSCs. As shown in figure 9, in 

the presence of TTX, 92 % of IPSCs were mediated by GABAAR and only 8 % were 

mediated by GlyR. Increased activity of synaptic inputs with 4-AP decreased the 

proportion of IPSCs mediated by GABAAR (53 %) and increased GlyR-mediated 

IPSCs by 47 %, suggesting that glycinergic inhibition is recruited by potentiation of 

active synaptic inputs. In summary, our present study suggests that GABA is a major 

inhibitory neurotransmitter in steady state condition, whereas release of glycine 

requires potentiation of inhibitory inputs. 

 

Physiological Significance 

Redundancy in CNS pathways for inhibition of efferent sympathetic 

nerve activity is well established. For example, afferent inputs from carotid sinus, 

aortic, and cardiopulmonary stretch receptors all terminate in the NTS and follow a 

similar medullary path from the NTS to the CVLM, then the RVLM.  When input from 
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one group of afferent fibers is compromised, the other sympathoinhibitory reflexes 

compensate to maintain tonic inhibition of the RVLM.  Complex synaptic and/or 

dendritic interactions among various inputs contribute to the final integrated output 

from each of these brainstem nuclei (Llewellyn-Smith et al., 2001; Llewellyn-Smith & 

Verberne, 2011). Functionally, interactions among these feedback systems provides 

“back-up” for control of sympathetic nerve activity.  In addition, when these traditional 

sympathoinhibitory reflexes are compromised chronically, separate CNS 

mechanisms may emerge to limit increases in sympathetic outflow.  After sinoaortic 

denervation or lesion of the NTS the initial increase in arterial pressure subsides 

within 1 – 2 weeks, possibly due to engagement of sympathoinhibitory pathways 

distinct from arterial and cardiopulmonary receptor inputs to the NTS (Schreihofer & 

Sved, 1992). Even within a single CNS pathway, co-release from presynaptic nerve 

terminals of neuromodulators and classical transmitters may contribute to the final 

postsynaptic response. For example, during more intense stimulation, co-release of 

peptides along with traditional fast-acting transmitters may serve to prolong and 

amplify final responses (Nusbaum et al., 2017).  

Our current experiments demonstrate redundancy in inhibitory transmission 

within the RVLM. Assessment of the functional significance of GABAergic and 

glycinergic co-inhibition of neuronal circuits is challenging. In addition to activating 

postsynaptic receptors, neurotransmitters also modulate presynaptic receptors and 

affect packaging of other neurotransmitters into synaptic vesicles (Hnasko & 

Edwards, 2012). Several lines of evidence suggest that the excitability of RVLM 

neurons is largely determined by GABA (Cravo and Morrison 1993; Schreihofer et al. 

2000). Intriguingly, our results indicate that GABA and glycine likely work together to 

enhance the temporal resolution of inhibition. In regard to arterial baroreflex function, 

glycine released in the RVLM prolongs the duration of sympathoinhibition. The 

relative low level of glycinergic IPSCs in control conditions suggests that glycine is 

released on demand. Moreover, application of 4-AP increased the frequency and 

amplitude of glycinergic as well as GABAergic IPSCs, increased the total inhibitory 

Iphasic current, and thus increased the strength of inhibition. Thus, our results suggest 

that GABA controls the threshold excitability of presympathetic RVLM neurons, 

whereas glycine increases the strength of inhibition, if needed. 
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Methodological considerations  

Our approaches have certain possible limitations. We used PRV-152 to 

identify RVLM neurons. The spread of PRV-152 is strictly retrograde and 

transsynaptic (Strack & Loewy, 1990) and GFP labeling was used to identify 

presympathetic RVLM neurons as previously described (Gao & Derbenev, 2013). 

However, we cannot completely exclude the possibility that some of the PRV-152-

labeled cells were interneurons that were labeled via synaptic contact with RVLM 

presympathetic neurons. Our in vivo studies were conducted in anesthetized rats 

and it is possible that central effects of anesthesia could have direct or indirect 

influence on sympathetic and cardiovascular responses. However, interpretation of 

our results is strengthened by the fact that we found evidence of glycinergic 

inhibitory influences in the RVLM in experiments using different anesthetic and 

neuromuscular blocking agents.  

In the current experiments we demonstrated that bilateral muscimol injections 

into the NTS produced prolonged inhibition of the arterial baroreflex, but muscimol 

alone did not significantly change arterial pressure or RSNA. Since pathways from 

the NTS mediate both excitatory and inhibitory cardiovascular responses (Llewellyn-

Smith & Verberne, 2011), this is not necessarily surprising. However, using 

concentrations similar to ours, others have reported pressor and sympathoexcitatory 

responses to bilateral injections of muscimol into the NTS of anesthetized rats 

(Schreihofer & Sved, 1992; Mueller & Hasser, 2006). In our experiments, rats 

received constant infusion of the commonly used neuromuscular blocking agent, 

gallamine triethiode, and it is possible that nonspecific effects of circulating gallamine 

may have dampened the tonic response to muscimol in the NTS. Applied directly to 

nerve fibers, gallamine has been shown to affect K+ and possibly Na+ conductances 

(Smith & Schauf, 1981). Central nervous system access of i.v. administered 

gallamine triethiodide is normally limited by the blood brain barrier, but it is possible 

that surgical exposure of the NTS and possible damage to fibers in the region could 

have provided access to circulating gallamine. Regardless, our data demonstrating 

long-term inhibition of the arterial baroreflex following NTS muscimol are consistent 

with generalized neuronal blockade within the NTS. It is less likely that circulating 
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gallamine would have gained access to the RVLM, and the major focus of the 

current experiments was evaluation of inhibitory transmission within the RVLM. 

It is recognized that microinjections into brainstem regions or bath application 

of drugs likely affect neurons involved in multiple modalities. However, taken 

together with evidence that RVLM strychnine modified the arterial baroreflex 

response, our data suggest that brainstem cardiovascular pathways include 

glycinergic neurotransmission. Our experiments used young normotensive male rats 

with sympathetic vasomotor drive presumably at near normal levels. It is unlikely that 

male sex was a factor since previous experiments provided evidence of glycinergic 

inhibition in the RVLM of female rats of a similar age (Heesch et al., 2006). Future 

experiments will be needed to determine if the role of glycinergic inhibition in the 

RVLM is changed in hypertensive animals and to evaluate possible age related 

changes in plasticity. 
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Table 1:  Time Course of Baroreflex Blockade by NTS Muscimol 

PE (5 µg/kg) Con 5 min 30 min 60 min 90 min 120 min 

 

∆ MAP (mmHg) 61 ± 1 73 ± 4 * 78 ± 4 * 77 ± 4 * 71 ± 3 * 72 ± 1 * 

 

% ∆ RSNA  -81 ± 4 -4 ± 3 
ƚ,# 

-10 ± 5 ƚ,# -10 ± 5 ƚ,# -19 ± 4 ƚ,# -51 ± 8 ƚ 

 

BX ratio 

(%∆RSNA/∆MAP) 

-1.33 ± 

0.08 

-0.06 ± 

0.04 ƚ,# 

-0.13 ± 

0.06 ƚ,# 

-0.13 ± 

0.06 ƚ,# 

-0.28 ± 

0.05 ƚ,# 

-0.72 ± 

0.12 ƚ 

 

* > Con (P = 0.001 to 0.012); ƚ < Con (P = 0.001); # < 120 min (P = 0.001); n = 6. 
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Figure 1. Time-course of baroreflex is controlled by glycine in the RVLM. 

 

(A) Responses to baroreceptor loading on mean arterial BP and RSNA 

following phenylephrine (i.v.) before and after bilateral administration of 

100 nl of 4 mM (400 pmol) strychnine  into the rostral ventrolateral medulla 

(RVLM); a and b, corresponding raw traces.  

(B) Mean data indicate that microinjection of strychnine into the RVLM 

decreased the duration of the RSNA inhibition. 

(C) Group data show that the reduction in the efficiency of the baroreflex is 

represented by a decrease in the recovery time for RSNA, without 

affecting the magnitude of the inhibition (ΔRSNA). 

(D) Rectified and integrated SNA is phase-locked with individual cardiac 

cycles, represented by changes in BP.  

(E) Schematic diagram showing the location of microinjection sites (100 nl). 

Brainstem sections were adapted from The Rat Brain in Stereotaxic 

Coordinates (Paxinos & Watson, 2007). Right: Photomicrograph of a 

bainstem coronal slice showing the distribution of fluorescent red beads 

into the RVLM. V, trigeminal nucleus; Amb, nucleus ambiguous; iO, 

inferior olive; Py, pyramidal tract. 

 

Numbers of animals are in parentheses (n = 6). Bar graphs represent mean ± SEM 

and open circles represent individual data points. *P < 0.05, **P < 0.01. 
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Figure 2. Examples of responses to bilateral injections of strychnine and 

bicuculline into the RVLM. 

 

Traces from individual rats show arterial pressure (AP), heart rate (HR), and 

integrated renal sympathetic nerve activity (int RSNA) responses to bilateral RVLM 

strychnine (S1 and S2) followed by bilateral RVLM bicuculline (B1 and B2). The 

black line in the AP traces indicates MAP. Expanded views of raw RSNA at baseline, 

after strychnine and after addition of bicuculline in the RVLM are shown at the 

bottom of each panel. 

(A) RVLM strychnine had minimal effects on MAP and RSNA in a Control rat. 

(B) Increases in MAP and RSNA due to RVLM strychnine were evident in a rat 

with prior bilateral microinjection of muscimol into the NTS (NTS-X). 

(C) MAP and RSNA increased due to RVLM strychnine in a rat with prior 

disinhibition of the CVLM with bicuculline (CVLM-B). 

(D) MAP and RSNA increased following RVLM strychnine in a rat with both 

CVLM-B and NTS-X (CVLM-B[NTS-X].  

In rats from all groups (A – D), RVLM bicuculline after strychnine resulted in 

profound further increases in MAP and RSNA. HR responses were minimal in these 

anesthetized rats. 
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Figure 3. NTS blockade and disinhibition of the CVLM unmask glycinergic 

inhibition of the RVLM. 

 

(A) Mean data showing MAP in response to bilateral microinjection of 

strychnine followed by bicuculline (+Bic) into the RVLM of 4 groups of rats. 

Compared to preceding baseline values (base), strychnine was without 

effect in control rats (P = 0.187), but increased MAP in rats with prior 

bilateral microinjection of muscimol into the NTS (NTS-X, P < 0.001), 

bicuculline into the CVLM (CVLM-B, P = 0.018), or both (CVLM-B [NTS-X], 

P < 0.001). Bilateral microinjection of bicuculline into the RVLM at the peak 

response to strychnine (+Bic) resulted in further increases in MAP in all 

groups (P < 0.001). Within treatment comparisons revealed that baseline 

MAP was greater in CVLM-B[NTS-X] rats compared to rats in the Control 

(P = 0.021) and NTS-X ( P < 0.001) groups. After RVLM strychnine, MAP 

was greater in CVLM-B[NTS-X] rats compared to the other 3 groups ( P = 

0.001 to 0.016). Following RVLM Bic, MAP was not different among the 4 

groups.  

(B) Mean data showing RSNA (% initial baseline) in response to bilateral 

microinjection of strychnine followed by bicuculline into the RVLM of 4 

groups of rats. Compared to preceding baseline values (base), strychnine 

was without effect in control rats (P = 0.802), but increased RSNA in rats 

with prior bilateral microinjection of muscimol into the NTS (NTS-X, P < 

0.001), bicuculline into the CVLM (CVLM-B, P = 0.032), or both (CVLM-B 

[NTS-X], P = 0.002). Bilateral microinjection of bicuculline into the RVLM at 

the peak response to strychnine (+Bic) resulted in further increases in 

RSNA in all groups (P < 0.001). 

 

Number of animals are in parentheses. Bar graphs represent mean ± SEM and 

symbols represent individual data points. Treatment effects: ᵻ > base; ᵻᵻ > 

base and strychnine; Group effects: * > NTS-X, ** > Control, NTS-X; *** > 

Control, NTS-X, and CVLM-B; P < 0.05.   
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Figure 4. GABA and glycine decreased input resistance of presympathetic 

RVLM neurons. 

 

(A) Current-clamp recordings at resting membrane potential from a 

presympathetic RVLM neuron demonstrate a decreased voltage deflection 

in response to current injection after application of GABA (100 µM). 

(B) Mean data demonstrating a decrease in input resistance after GABA 

application.  

(C, D) Representative current-clamp recordings showing responses of 

presympathetic RVLM neurons to current steps in control condition (C) 

and after application of glycine (500 µM) (D).  

(E) Mean data illustrating a decrease in input resistance following glycine 

application.  

(F) Current-clamp recording at resting membrane potential showing that 

application of GABA hyperpolarized the cell.  

(G) Mean data summarizing the effect of GABA on membrane potential of 

RVLM neurons. 

(H) Current-clamp recording at resting membrane potential showing that 

application of glycine hyperpolarized the cell.  

 (I) Mean data summarizing the effect of glycine on membrane potential of 

RVLM neurons. 

 

Numbers of replications are in parentheses. Bar graphs represent mean ± SEM, 

open circles represent individual data points, **P < 0.01, ****P < 0.0001. 
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Figure 5. Identification and recording from PRV-152 labeled rat RVLM neurons. 

 

(A) Low-magnification of whole-mount view of a brainstem slice (300 μm thick) 

after fixation revealed GFP-labelled RVLM neurons 94 h after inoculation 

of into the cortex of the left kidney. The recorded neuron indicated (arrow) 

was filled with biocytin. Dotted line indicates ventral lateral edge of the 

slice.  

(B) Higher magnification of the same slice in (A) containing PRV-labeled 

RVLM neurons. 

(C) The same slice and plane of section viewed with optics demonstrating the 

biocytin label (i.e. avidin–rhodamine fluorescence). The filled neuron is 

indicated by the arrow.  

(D) Overlay of (B) and (C). Arrow indicate the recorded neurons. D, dorsal; V, 

ventral; L, lateral.  

(E) Schematic diagram showing the location of patch-clamp recorded 

neurons. Brainstem sections were adapted from The Rat Brain in 

Stereotaxic Coordinates (Paxinos & Watson, 2007). The diagrams of a 

brainstem coronal slice showing the distribution of some recorded PRV-

labeled RVLM neurons. Amb, nucleus ambiguous; Py, pyramidal tract. 
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Figure 6. GABA and glycine generated spontaneous postsynaptic currents in 

RVLM neurons. 

 

(A) Continuous recording of sIPSCs from a presympathetic RVLM neuron 

voltage clamped at -10 mV in control condition.  

(B) The same neuron shown in (A) after application of bicuculline (Bic, 30 µM).  

(C-E) The graphs demonstrate the cumulative distribution of inter-event interval 

(C), amplitude (D), and area (E) before and after application of bicuculline 

(30 µM).  

(F-I)  Bar graphs summarizing the effects of bicuculline on frequency (F), 

amplitude (G), area of events (H), and Iphasic (I) of presympathetic RVLM 

neurons. Application of bicuculline significantly decreased the amplitude, 

frequency and area of sIPSCs and revealed bicuculline insensitive (i.e. 

glycine-mediated) sIPSCs in presympathetic RVLM neurons.  

 

Numbers of replications are in parentheses. Bar graphs represent mean ± SEM, 

open circles represent individual data points, *P < 0.05, **P < 0.01. 
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Figure 7. 4-AP increased the frequency and amplitude of GlyR-mediated 

synaptic currents. 

 

(A) Continuous recording of sIPSCs from a presympathetic RVLM neuron 

voltage clamped at -10 mV. 

(B) The same neuron shown in (A) after application of 4-AP (2 mM).  

(C) The same neuron following application of bicuculline (30 µM). Bicuculline 

decreased the frequency and amplitude of sIPSCs evoked by 4-AP 

application.  
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Figure 8. 4-AP increased GlyR-mediated synaptic currents. 

 

(A-D)  The graphs indicate that application of 4-aminopyridine ([4-AP]; 2 mM) 

significantly increased the frequency, amplitude, area of events, and Iphasic 

in presympathetic RVLM neurons. Additional application of bicuculline 

([Bic], 30 µM) decreased the amplitude, frequency and Iphasic.  

(E)  Continuous recording of sIPSCs from a presympathetic RVLM neuron 

voltage clamped at -10 mV in the presence of 4-AP and bicuculline before 

and after strychnine ([Str], 1 µM). Results were similar in 3 additional cells 

tested. The data confirmed that co-application of bicuculline and 

strychnine abolished all the remaining sIPSCs.  

 

Numbers of replications are in parentheses. Bar graphs represent mean ± SEM, 

open circles represent individual data points, *P < 0.05, **P < 0.01, ***P < 

0.001. 
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Figure 9. The component of GlyR-mediated synaptic currents increased during 

network activation.  

 

(A) Graphs showing frequency of GlyR-mediated IPSCs after blockade of 

GABAAR with bicuculline (30 µM). Bicuculline blocked GABAAR-mediated 

synaptic currents revealing synaptic events mediated by GlyR.   

(B) Bar graphs illustrate the percentage of IPSCs mediated by GlyR and 

GABAAR in the presence of TTX, without TTX (ACSF only), and during 4-

AP application. Bicuculline was used to block GABAAR-mediated events. 

 

Numbers of replications are in parentheses. Bar graphs represent mean ± SEM, 

open circles represent individual data points, *P < 0.05, **P < 0.01. 
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