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Electrophysiological Properties of Rostral Ventrolateral
Medulla Presympathetic Neurons Modulated by the
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The respiratory pattern generator modulates the sympathetic outflow, the strength of which is enhanced by challenges produced by
hypoxia. This coupling is due to the respiratory-modulated presympathetic neurons in the rostral ventrolateral medulla (RVLM), but the
underlining electrophysiological mechanisms remain unclear. For a better understanding of the neural substrates responsible for gen-
eration of this respiratory-sympathetic coupling, we combined immunofluorescence, single cell qRT-pCR, and electrophysiological
recordings of the RVLM presympathetic neurons in in situ preparations from normal rats and rats submitted to a metabolic challenge
produced by chronic intermittent hypoxia (CIH). Our results show that the spinally projected cathecholaminergic C1 and non-C1
respiratory-modulated RVLM presympathetic neurons constitute a heterogeneous neuronal population regarding the intrinsic electro-
physiological properties, respiratory synaptic inputs, and expression of ionic currents, albeit all neurons presented persistent sodium
current-dependent intrinsic pacemaker properties after synaptic blockade. A specific subpopulation of non-C1 respiratory-modulated
RVLM presympathetic neurons presented enhanced excitatory synaptic inputs from the respiratory network after CIH. This phenome-
non may contribute to the increased sympathetic activity observed in CIH rats. We conclude that the different respiratory-modulated
RVLM presympathetic neurons contribute to the central generation of respiratory-sympathetic coupling as part of a complex neuronal
network, which in response to the challenges produced by CIH contribute to respiratory-related increase in the sympathetic activity.

Key words: bulbospinal RVLM presympathetic neurons; chronic intermittent hypoxia; intrinsic electrophysiological properties;
respiratory-sympathetic coupling

Introduction
Oscillations in the sympathetic outflow are modulated by the
respiratory rhythm in rats (Numao et al., 1987; Haselton and
Guyenet, 1989) and humans (Badra et al., 2001; Dempsey et al.,
2002), and this modulation contributes to the neurogenic vaso-
motor tone (Bachoo and Polosa, 1985). This phenomenon is in
part a consequence of activation of pulmonary stretch receptors
(Zhou et al., 2002). However, the respiratory modulation of sym-
pathetic activity persist even after vagotomy (Adrian et al., 1932;
Barman and Gebber, 1980; Haselton and Guyenet, 1989), sug-
gesting the existence of a central neural coupling between the
respiratory pattern generator and the neurons involved with
the generation of the sympathetic activity. The strength of this
respiratory-sympathetic coupling is enhanced by challenges,

such as acute (Dick et al., 2004), chronic hypoxia (Zoccal et al.,
2008; Moraes et al., 2012a) and increased respiratory drive
(Malpas, 1998; Taylor et al., 1999) to provide a fine tuning in
the cardiovascular and respiratory responses under these
circumstances.

It has been suggested that the neuronal coupling between the
respiratory and sympathetic activities occurs, at least in part, at
the level of the rostral ventrolateral medulla (RVLM), where the
bulbospinal presympathetic neurons are located (Reis et al., 1989;
Guyenet et al., 1990; Dampney, 1994). This brainstem region
contains two major groups of presympathetic bulbospinal gluta-
matergic neurons: one expresses all enzymes required for pro-
duction of adrenaline (C1 group) and the other correspond to
noncatecholaminergic neurons (Ruggiero et al., 1994; Stornetta
et al., 2002). Most of the bulbospinal RVLM presympathetic neu-
rons have a respiratory-related modulation of their activity (Te-
rui et al., 1986; McAllen, 1987; Haselton and Guyenet, 1989;
Miyawaki et al., 1995).

Despite the existence of a large body of electrophysiological
evidence, from both extracellular (Guyenet and Brown, 1986;
Morrison et al., 1988; Haselton and Guyenet, 1989; Kanjhan et
al., 1995) and intracellular recordings (Dembowsky and McAl-
len, 1990; Lipski et al., 1995a,b, 1996; Zagon and Spyer, 1996) in
anesthetized animals, several fundamental aspects such as (1)
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their respiratory-related synaptic inputs; (2) their relation to C1
group of neurons; and (3) their intrinsic electrophysiological
properties, remain unclear. Therefore, in the present study we
used whole-cell patch recordings, in unanaesthetized prepara-
tions with preserved networks, to get a better understanding of
the modulation of bulbospinal RVLM presympathetic neurons
induced by respiratory network. Experiments were performed
using the in situ working heart-brainstem preparation (Paton,
1996) to evaluate the respiratory-related synaptic inputs, the
pacemaker activity, the different ionic currents, and membrane
properties of the respiratory-modulated RVLM presympathetic
neurons in normal rats and in rats submitted to a metabolic
challenge produced by chronic intermittent hypoxia (CIH).

Our results show that the respiratory-modulated RVLM pre-
sympathetic neurons constitute a heterogeneous neuronal pop-
ulation, regarding the intrinsic electrophysiological properties,
respiratory synaptic inputs, relation to C1 group of neurons, as
well in the control of sympathetic outflow in response to a met-
abolic challenge produced by CIH.

Materials and Methods
Animals and ethical approval. Experiments were performed on male
Wistar rats (85–140 g) obtained from the Animal Care Facility of the
University of São Paulo, Ribeirão Preto, Brazil. The animals were main-
tained in standard environmental conditions (23 � 2°C; 12/12 h dark/
light cycle) with water and chow ad libitum. All experimental protocols
were approved by the Ethical Committee on Animal Experimentation of

the School of Medicine of Ribeirão Preto, University of São Paulo (pro-
tocols #093/2009 and #064/2010).

Chronic intermittent hypoxia. The CIH and control groups of rats were
housed in collective cages and maintained in Plexiglas chambers (vol-
ume, 210 L) equipped with gas injectors of O2 and CO2 and sensors of O2,
CO2, humidity, and temperature. The CIH group was exposed to 5 min
of normoxia (fraction of inspired O2, FiO2, of 20.8%) followed by 4 min
of N2 injection to reduce the FiO2 from 20.8 to 6%, remaining at this level
between 30 and 40 s. After hypoxia, O2 was injected to return FiO2 back
to 20.8%. This cycle with duration of 9 min was repeated over the time of
8 h a day (from 9:30 A.M. to 5:30 P.M.) for 10 d. During the remaining
16 h, the animals were exposed to 20.8% FiO2. Control rats were exposed
to 20.8% FiO2 24 h a day for 10 d as described in a previous study from
our laboratory (Zoccal et al., 2008).

Respiratory and cardiovascular measurements in conscious animals.
Electromyogram (EMG) of respiratory muscles were used to evaluate
inspiration and expiration index in freely behaving conditions after sub-
mitting the animal to the hypoxic (n � 16) or normoxic (n � 13) pro-
tocols. Two days before starting these protocols, rats were anesthetized
with tribromoethanol (250 mg.kg-1, i.p.; Aldrich) and bipolar Teflon-
coated stainless steel EMG electrodes were implanted in the diaphragm
(DIA) and abdominal muscles (Abd). Wires were tunneled under the
skin and attached to an electrical socket positioned on the back of the

Figure 1. Recordings of arterial pressure, respiratory muscles, and nerves in vivo and in situ
preparations of control and CIH rats. Raw and integrated (�)EMG records of inspiratory
(diaphragm-DiA), expiratory muscles (abdominal-Abd) simultaneously with pulsatile arterial
pressure (PAP) and mean arterial pressure (MAP) in conscious, freely moving rats from control
(Ai) and CIH (Aii) rats. Note the presence of late-expiration (late-E) activity in the Abd (1) and
the increase in the MAP after CIH. Raw and integrated (�) records of thoracic sympathetic nerve
(tSN), abdominal nerve (AbN), and phrenic nerve (PN) activities of in situ preparations from the
same control and CIH rats shown in Ai (Bi) and in Aii (Bii), respectively. Note the presence of
late-E event (1) in the tSN and AbN after CIH.

Figure 2. Electrophysiological identification of the nonmodulated and respiratory-
modulated RVLM presympathetic neurons in in situ preparations. Ai, Hyperpolarizing potentials
and inhibition of spike discharge frequency (3 superimposed sweeps, no polarizing current,
membrane potential, �57 mV) evoked by stimulation of the ipsilateral ADN with bursts of 3
pulses (***). Aii, Antidromic action potentials evoked by stimulation (*) of the T8 –T12 seg-
ment of the spinal cord. Three superimposed sweeps pretriggered by sEPSPs are shown. The
arrow indicates spontaneous excitatory postsynaptic potential preceding spontaneous spikes.
Note that spinal stimulation was followed by antidromic responses that occurred �6 mV more
negative than the threshold at which spontaneous action potentials were induced by the on-
going synaptic activity. Bi, The ADN-evoked potentials (10 averaged sweeps) recorded intracel-
lularly when the firing of the cell was stopped by a continuous negative current (�25 pA). Bii,
Reversal of evoked inhibitory postsynaptic potential (holding current of �200 pA) evoked by
stimulation of the ADN. Ci–Dii, sEPSPs, measured by hyperpolarizing the neurons, in the non-
modulated (Ci), inspiratory-modulated (Cii), postinspiratory modulated (Di), and inspiratory-
inhibited (Dii) RVLM presympathetic neurons.
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rat’s neck. At the end of the experimental protocol (CIH or normoxia),
rats were anesthetized with tribromoethanol and a catheter was inserted
into the abdominal aorta through the femoral artery for arterial pressure
measurement (n � 39; control: 13 rats with and 6 rats without EMG
measurements; CIH: 16 rats with and 4 rats without EMG measure-

ments). The catheter was tunneled subcutane-
ously and exteriorized through the skin in the
back of the rat’s neck. One day after, the arterial
catheter was connected to a pressure trans-
ducer, and in turn, to an amplifier (Bridge
Amp, ML221, ADInstruments). The electrical
socket of the EMG was also connected to an
amplifier (Bioamplifier, Insight). The arterial
pressure and EMG (0.5–5 kHz of bandpass)
signals were acquired by a data acquisition sys-
tem (CED 1401, Cambridge Electronic Design)
controlled by a computer running the software
Spike 2 (Cambridge Electronic Design, CED).
The respiratory and cardiovascular parameters
were recorded in conscious, freely moving rats
under normoxic conditions during 60 min.

Ventral approach in the working heart–brains-
tem preparation. Immediately after recordings in
freely behaving conditions (n � 39) or after sub-
mitting the animal to the control (n � 67) or CIH
protocols (n � 26), the rats were prepared for an
in situ working heart–brainstem preparation, as
previously described (Paton, 1996). Briefly, the
animals were deeply anesthetized with halothane
(AstraZeneca), transected caudal to the dia-
phragm, exsanguinated, and submerged in ice-
cold artificial CSF (ACSF) containing the
following (in mM): 125 NaCl, 24 NaHCO3, 3 KCl,
2.5 CaCl2, 1.25 MgSO4, 1.25 KH2PO4, 10 dex-
trose. They were then decerebrated at the precol-
licular level, therefore rendered insentient and
skinned. To expose the ventral medullary surface
for neuronal recordings, the preparations were
placed supine and all muscles and connective tis-
sues covering the basilar surface of occipital bone
were removed. Then, the basilar portion of the
occipital bone was removed to expose the ventral
surface of the medulla in the anteroposterior ex-
tension from the vertebral arteries to the pontine
nuclei as previously described (Moraes et al.,
2012b). Preparations were then transferred to a
recording chamber and the descending aorta was
cannulated and retrogradely perfused with ACSF
containing an oncotic agent (1.25% Polyethylene
glycol, Sigma), a neuromuscular blocker (vecu-
ronium bromide, 3–4 �g/ml, Cristália Produtos
Químicos Farmacêuticos), and continuously
gassed with 5% CO2 and 95% O2 using a peristal-
tic pump (Watson-Marlow 502s). For voltage-
clamp experiments of isolated T-type calcium
currents, the ACSF consisted (in mM): 118 NaCl,
3 KCl, 1 MgSO4, 24 NaHCO3, 1 NaH2PO4, 1.5
CaCl2, 10 dextrose. The perfusate was warmed to
31�32°C and filtered using a nylon mesh (pore
size: 25 �m, Millipore).

Electrophysiological measurements. Sympa-
thetic and phrenic nerves were isolated and
their activities recorded using bipolar glass suc-
tion electrodes. Phrenic nerve (PN) activity
was recorded from its central end. The activity
of thoracic sympathetic nerve (tSN) was re-
corded from the sympathetic chain at the level
of T8 –T12. All signals were amplified, band-
pass filtered (Bioamplifier, Insight; 0.5–5 kHz),
and acquired with an A/D converter (CED

1401, Cambridge Electronic Design, CED) controlled by a computer
running Spike 2 software (Cambridge Electronic Design, CED).

Blind whole-cell patch-clamp recordings were obtained from medul-
lary RVLM presympathetic neurons (one neuron per rat) with electrodes

Figure 3. Phenotype of the nonmodulated and respiratory-modulated RVLM presympathetic neurons. Ai–Aii, Representative
voltage traces of one nonmodulated RVLM presympathetic neuron (Ai) and the corresponding photomicrograph (Aii) showing
biocytin (green) and TH (red) immunohistochemical staining. Note that this RVLM presympathetic neuron is a positive TH-ir cell
(yellow). Aiii, Amplification plots of TH, VGLUT2, and � actin from qRT-PCR from another nonmodulated RVLM presympathetic
neuron. The fluorescent emission (�RN) is plotted against the number of cycles. Note that this neuron expresses TH and also
VGLUT2. Bi–Bii, Representative voltage traces of one inspiratory-modulated RVLM presympathetic neuron (Bi) and the corre-
sponding photomicrograph (Bii) showing biocytin (green) and TH (red) immunohistochemical staining. Note that this RVLM
presympathetic neuron is also a positive TH-ir cell (yellow). Biii, Amplification plots of TH, VGLUT2, and � actin from qRT-PCR from
another inspiratory-modulated RVLM presympathetic neuron. Note that this neuron expresses TH and also VGLUT2. Ci–Cii, Rep-
resentative voltage traces of one postinspiratory-modulated RVLM presympathetic neuron (Ci) and the corresponding photomi-
crograph (Cii) showing biocytin (green) and TH (red) immunohistochemical staining. Note that this RVLM presympathetic neuron
is a negative TH-ir cell. Ciii, Amplification plots of TH, VGLUT2, and � actin from qRT-PCR from another postinspiratory-modulated
RVLM presympathetic neuron. Note that this neuron does not express TH but expresses VGLUT2. Di–Dii, Representative voltage
traces of one inspiratory-inhibited RVLM presympathetic neuron (Di) and the corresponding photomicrograph (Dii) showing
biocytin (green) and TH (red) immunohistochemical staining. Note that this RVLM presympathetic neuron is also a negative TH-ir
cell. Diii, Amplification plots of TH, VGLUT2, and � actin from qRT-PCR from another inspiratory-inhibited RVLM presympathetic
neuron. Note that this neuron does not express TH but expresses VGLUT2. Scale bar, 20 �m.
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filled with a solution containing the following
(in mM): 130 K-gluconate, 4.5 MgCl2; 14 tris-
phosphocreatine, 10 HEPES; 5 EGTA; 4 Na-
ATP; 0.3 Na-GTP; 0.2% biocytin; pH 7.3, and
�300 mOsmol and had resistances of 3– 8 M�
when tested in bath solution. Only for voltage-
clamp experiments of T-type calcium currents,
the electrodes were filled with a solution con-
taining the following (in mM): 110 CsCl2, 30
TEA, 1 CaCl2, 5 EGTA, 2 MgCl2, 4 Na-ATP, 0.5
Na-GTP, 10 HEPES, pH 7.3, and �300
mOsmol. The electrodes were mounted on a
micromanipulator (MHW-3; Narishige) and
positioned onto the ventral surface of the
medulla under visual control (binocular micro-
scope; Zeiss) using surface landmarks (trapezoid
body, rootlets of the hypoglossal nerve, and basi-
lar artery) and coordinates of RVLM presympa-
thetic neurons for orientation as previously
described (Moraes et al., 2012b). The RVLM pre-
sympathetic neurons were also characterized by
its inhibitory response to baroreflex activation
(by electrically stimulating either contralateral or
ipsilateral aortic depressor nerves—ADN; 0.2 ms,
3 pulses at 400 Hz) and the presence of anti-
dromic responses to stimulation of spinal seg-
ment T8-T12 (0.2 ms). Antidromic responses
were distinguished from synaptic excitation by
using near threshold stimulation of descending
axons, and at this intensity of stimulation synap-
tic events were absent (absence of spontaneous
excitatory postsynaptic potential preceding
evoked spikes). Voltage- and current-clamp ex-
periments were performed using an Axopatch-
200B integrating amplifier (Molecular Devices)
and pClamp acquisition software (version 10.0,
Molecular Devices). Gigaseals (	1 G�) were
formed, and whole-cell configuration was ob-
tained by suction. Recordings with access resis-
tance larger than 20 M� were not used.

Ionic currents were measured under voltage-
clamp with the cell’s membrane potential initially
held at �70 mV and expressed as pA/pF to nor-
malize for cells of different sizes. Activation prop-
erties of outward transient potassium current
(IA) were evaluated by applying 10 mV voltage
steps (2 s) from �80 to 60 mV, from condition-
ing step (500 ms) of either �110 or �40 mV.
After off-line subtraction of the currents evoked
with holding voltage of �110 and �40 mV, the
IA current was isolated. To maximize IA and reduce sodium currents, TTX
(0.5 �M; Tocris Bioscience) was added to the perfusion solution. The
voltage-dependent inactivation of IA was estimated using conditioning steps

of 1 s ranging from �130 to �30 mV in 10 mV increments followed by a test
pulse of 500 ms to �30 mV. To measure subthreshold sodium-persistent
conductance (INaP), 30 mV/s ramp from �85 to 15 mV were applied. The
riluzole-sensitive (10 �M; Tocris Bioscience) component of the ramp-

Figure 4. Repetitive firing properties of nonmodulated and respiratory-modulated RVLM presympathetic neurons from control
rats. Plots of representative traces of instantaneous spike discharge frequency versus time and interspike interval (ISI) versus time
obtained from representative control nonmodulated (Ai, Aii), inspiratory-modulated (Bi, Bii), postinspiratory-modulated (Ci, Cii),
and inspiratory-inhibited (Di, Dii) RVLM presympathetic neurons in response to injection of 100 pA of positive current.

Table 1. Average values of electrophysiological properties of nonmodulated and all respiratory-modulated RVLM presympathetic neurons recorded from control and CIH
rats

Control CIH

Group I (n � 9) Group II (n � 12) Group III (n � 12) Group IV (n � 12) Group I (n � 10) Group II (n � 12) Group III (n � 14) Group IV (n � 10)

Capacitance (pF) 39 � 1.9 36 � 1.7 40 � 1.8 42 � 1.8 40 � 3.6 41.5 � 2.8 38 � 2.7 40 � 1.2
Frequency (Hz) 6 � 1.1 22 � 3* 13 � 2 8 � 1.9 6.4 � 2.2 20 � 2.4 15 � 3.1 9 � 2
RMP (mV) �53 � 2.2 �51 � 2.3 �52 � 3.2 �54 � 3.4 �52 � 4 �50 � 2 �53 � 2.1 �53 � 2
Ri (M�) 335 � 1.1** 162 � 6.5 # 245 � 5 ## 515 � 9 348 � 8 159 � 7 259 � 5 509 � 16.6
Excitability (spikes) 46 � 6** 90 � 8.7 
 61 � 7 64 � 6 49 � 6 95 � 7.7 59 � 6.7 74 � 5
AHP (mV) 7 � 1.1 ### 3 � 0.6 3.3 � 0.7 6 � 1.3 7.2 � 2.2 2.8 � 0.9 3 � 0.9 6.2 � 2.3

Excitability: values in response to injection of 100 pA of positive current. *p � 0.05 different in relation to groups I, III, and IV from control rats; **p � 0.001 different in relation to the groups II, III, and IV from control rats; #p � 0.001 different
in relation to the groups III and IV from control rats; ##p � 0.001 different in relation to the group IV from control rats; ###p � 0.05 different in relation to the groups II and III from control rats; 
p � 0.05 different in relation to the group
III from control rats. CIH produced no changes in the electrophysiological properties of the 4 groups of RVLM presympathetic neurons characterized, and the differences among the groups in CIH were also similar to those observed in neurons
from control rats.
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evoked currents was taken as INaP. Hyperpolarization-activated inward cur-
rents (Ih) were activated, in the presence of TTX, using a series of
hyperpolarizing voltage pulses (from �60 mV to �130 mV, in 10 mV incre-
ments), from a �70 mV conditioning pulse. The ZD7288- (a selective
blocker of Ih current) sensitive (40 �M; Sigma-Aldrich) component of the
hyperpolarizing-evoked currents represents the Ih. T-type calcium currents
were activated, in the presence of TTX, using a series of depolarizing com-
mand pulses (from �90 to 0 mV, in 10 mV increments), from a hyperpo-
larizing conditioning pulse (�90 mV). The recording of all ionic current
were also performed in the presence of blockers of fast synaptic transmission
in the perfusion solution [2.5–6.0 mM kynurenic acid, 20 �M bicuculline
(free-base), and 1 �M strychnine; Sigma-Aldrich] and all signals were low-
pass filtered at 1 kHz and sampled at 5 kHz.

In current clamp, all data were low-pass filtered at 5 kHz and digitized
at the rate of 20 kHz. The intrinsic electrophysiological properties of
respiratory-modulated RVLM presympathetic neurons were also evalu-
ated in the presence of blockers of fast synaptic transmission in the per-
fusion solution.

Data analyses. All analyses of nerve recordings were performed off-line
in rectified and smoothed (50 ms) signals using Spike 2 software with

custom-written scripts. The respiratory modu-
lation of sympathetic activity was analyzed
using phrenic-triggered averages of tSN (gen-
erated from 1–2 min epochs of the recordings),
which were divided into three parts: inspira-
tion (coincident with inspiratory PN dis-
charge), postinspiration (post-I; first half of
expiratory phase), and late-expiration (late-E;
second half of expiratory phase). The percent-
age of tSN activity in each phase was assessed by
the measurement of the area under the curve
and normalized by the total area, i.e., sum of
areas obtained in inspiratory, post-I and late-E.

All analyses of neuronal recordings were
performed using Clampfit 10 (Molecular De-
vices), GraphPad 5, and a custom script written
in Spike 2 software. The peak conductance for
each voltage (Gv) of the IA was calculated as
Gv � Ipeak/(Vm � EK), where Ipeak is peak cur-
rent, Vm membrane voltage, and EK is the po-
tassium equilibrium potential calculated from
the Nernst equation (Hille, 2001). The rela-
tionship between normalized conductance and
membrane potential (Vm) was fitted by a Boltz-
mann function of the form: G � 1/{1 
 exp
[(V

h
� Vm)/Vc]}, where G is the relative mem-

brane conductance, Vh is the voltage at half-
maximal conductance, and Vc is the slope
factor. Voltage-dependent inactivation of the
IA was fitted with an equation of the form:
I/Imax � 1/{1 
 exp [(Vm � Vh)/Vc]}, where
Imax is the maximal current recorded. Current–
voltage relationship of Ih was determined from
steady-state currents. The voltage dependence
of Ih activation was obtained from tail currents
measured at �80 mV following a series of hy-
perpolarizing steps; those data were normal-
ized and fitted with also an equation of the
form: I/ Imax � 1/{1 
 exp [(Vm � Vh)/Vc]}.
Current–voltage relationship of T-type cal-
cium currents was determined from the peak
currents after the capacitive transient.

Current-clamp recordings were analyzed
off-line to measure: (1) resting membrane po-
tential (RMP), (2) input resistance, (3) repeti-
tive discharge characteristic of the neuron
(frequency and interspike intervals of action
potentials; the last was measured as the time
difference between the peaks of the action po-
tentials in response to 100 pA of positive cur-

rent injection), (4) duration of delayed excitation, and (5) amplitude of
the after hyperpolarization potential (AHP). The input resistance was
determined via linear regression applied to the linear portion of the
voltage-current ( V–I) relationship. Considering that the RVLM presym-
pathetic neurons always presented spontaneous spiking, it was difficult
to clearly determine a stable membrane potential that could unequivo-
cally be defined as the resting potential. To address this issue, we con-
structed an all-points histogram of 1 min of membrane potential value
recorded in each experimental condition, and the resting membrane
potential value was considered to be the value at which the cells spent
most of the time, i.e., the peak of the distribution (da Silva et al., 2013). A
liquid junction potential of 15 or 2 mV (T-type calcium current) were
corrected off-line.

Immunofluorescence. All preparations used for immunofluorescence
were perfused transcardially first with PBS (0.1 M) and then with 4%
paraformaldehyde (PFA) and brains removed and postfixed in 4% PFA
for 2–5 d. Transverse sections (50 �m thick) were cut through the RVLM
with a vibrating microtome (Leica) and collected into a cryoprotectant
solution and stored at �20°C before further processing. The immuno-

Figure 5. Spike discharge frequency and intrinsic electrophysiological properties of nonmodulated RVLM presympathetic neu-
rons from control and CIH rats. Raw and integrated (�) records of PN, tSN, and nonmodulated RVLM presympathetic neurons
activities from control (Ai) and CIH (Aii) rats. Note the presence of late-expiration (late-E;1) in tSN and no changes in the spike
discharge frequency of nonmodulated RVLM presympathetic neuron after CIH. In the presence of synaptic blockade, intrinsic spike
discharge frequency (Bi, Bii), excitability properties (Ci, Cii, Ciii), and input resistance [Ri (Di, Dii, Diii)] of nonmodulated RVLM
presympathetic neurons were not affected by CIH. Note that upon larger hyperpolarizing pulses in Di and Dii, the membrane
potential presented a shift toward more positive values as a time-dependent conductance was slowly turned on (*).
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fluorescence was performed with free-floating
sections. Sections were blocked and permeabil-
ized in PBS containing 10% normal horse se-
rum and 0.5% Triton X-100 for 1 h at room
temperature. After three PBS washes, the slices
were incubated in primary antibody mouse
anti-tyrosine hydroxylase (TH; Millipore,
1:1000) for 24 h at 4°C. After three PBS washes,
the sections were incubated in secondary anti-
bodies Alexa 488-conjugated streptavidin (1:
1000; Invitrogen) and Alexa 647-conjugated
donkey anti-mouse (1:500; Jackson Laborato-
ries) for 1 h at room temperature. Slices were
washed three times in PBS and mounted in
Fluoromount (Sigma-Aldrich). Images were
collected on a Leica TCS SP5 confocal micro-
scope equipped with 488 and 633 nm laser lines
and tunable emission wavelength detection.
For each preparation, biocytin-positive neu-
rons were identified and confocal z stacks were
collected sequentially for the other channel to
detect the TH-positive neurons and verify the
colocalization.

Single-cell qRT-PCR. The cytoplasm of the
neuron was pulled into a patch pipette with a
slight negative pressure. We only applied negative
pressure to pull the cytoplasm into a patch pipette
in neurons presenting gigaseals and access resis-
tance up to 20 M� at the end of whole-cell patch-
clamp records to give us a high success rate of
identifying neuronal phenotypes using single-cell
qRT-PCR. The cytoplasm was then placed into a
microtube containing High Capacity cDNA Re-
verse Transcription Kit reagents (Life Technolo-
gies) and nuclease-free water for subsequent
transcription in a thermocycler (Mastercycler
Gradient—Eppendorf). A preamplification of
the cDNA was performed using the TaqMan Pre-
Amp Master Mix Kit (Life Technologies) with
the following probes: Rn00562500_m1 (TH),
Rn00584780_m1 (VGLUT2) and NM_031144.2
(�-Actin; reference gene). The preamplification
protocol consisted of a hold temperature at 95°C
during 10 min and 14 cycles of 95°C and 60°C
during 15 s and 14 min, respectively. The reac-
tions for the single-cell qRT-PCR were per-
formed in singleplex and triplicate (StepOnePlus
System, Applied Biosystems) using the same
probes described above and the TaqMan Univer-
sal PCR Master Mix kit (Life Technologies) ac-
cording to the manufacture’s recommendations.

Statistical analyses. Results are expressed as mean �SEM and com-
pared using Student’s unpaired t test or one-way ANOVA, in accordance
with the requirements of each experimental protocol. Differences were
considered significant when p � 0.05.

Results
Cardiovascular and respiratory recordings in awake rats and
in in situ preparations
In a specific group of control and CIH rats we recorded arterial
pressure, Abd, and DIA electromyogram in conscious, freely
moving condition before identifying and characterizing the
respiratory-modulated RVLM presympathetic neurons in in situ
preparations. We observed that CIH produced a significant in-
crease in the arterial pressure (105 � 2 vs 86 � 1 mmHg; p �
0.0001; n � 39) and in the Abd activity during the late-E phase
(n � 29; Fig. 1Ai,Aii). These animals, in in situ preparations, also
presented late-E activity in the AbN and an increase in the tSN

activity during the same phase of respiratory cycle (55 � 2 vs 33 �
5%; n � 39; p � 0.0001; Fig. 1Bi,Bii). After the characterization of
the effects of CIH in the respiratory-sympathetic coupling of
awake rats and in situ preparations, we used these rats (n � 39)
and others (n � 93) to identify and characterize the different
respiratory-modulated presympathetic neurons in the RVLM
and their contribution to the respiratory-related increase in the
sympathetic activity observed after CIH.

Identification of nonmodulated and respiratory-modulated
RVLM presympathetic neurons in in situ preparations
We were able to perform intracellular recordings of 132 presym-
pathetic neurons in the RVLM region, which responded with a
hyperpolarization and a transient inhibition of the spike dis-
charge frequency in response to stimulation of the ADN (Fig.
2Ai). These neurons send projections to the spinal cord [anti-
dromic latencies ranged from 2.2 to 10 ms (average 5.2 � 0.7

Figure 6. Spike discharge frequency and intrinsic electrophysiological properties of inspiratory-modulated RVLM presympa-
thetic neurons from control and CIH rats. Raw and integrated (�) records of PN, tSN, and inspiratory-modulated RVLM presympa-
thetic neurons activities from control (Ai) and CIH (Aii) rats. Note the presence of late-expiration (late-E;1) in tSN and no changes
in the spike discharge frequency of inspiratory-modulated RVLM presympathetic neuron after CIH. In the presence of synaptic
blockade, intrinsic spike discharge frequency (Bi, Bii), excitability properties (Ci, Cii, Ciii), and input resistance [Ri (Di, Dii, Diii)] of
inspiratory-modulated RVLM presympathetic neurons were not affected by CIH.
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ms)] and had axonal conduction velocity that ranged from 1 to
4.5 m � s�1 [(average 2.5 � 0.3 m � s�1); n � 132; Figure 2Aii]. The
baroreceptor inhibition (latency: 27 � 1.6 ms; amplitude: 5 � 0.9
mV; n � 132) suggests a chloride conductance, as demonstrated
by reversals in the polarity of these potentials in response to a
continuous application of negative current (Fig. 2Bi,Bii). A
prominent feature of respiratory-modulated RVLM presympa-
thetic neurons recorded in in situ preparations, an experimental
condition in which the sympathetic and respiratory networks are
preserved, was a high level of synaptic “noise.” During baseline
conditions, individual action potentials were usually interspersed
by transient increase or decrease in their frequency discharge in
the different phases of the respiratory cycle. When the firing was
eliminated by a small continuous hyperpolarizing current, it was
possible to observe the presence of spontaneous excitatory post-
synaptic potentials (sEPSPs) and synaptic inhibition in the
different phases of the respiratory cycle (Fig. 2Ci,Cii,Di,Dii).
Considering these different synaptic inputs, we were able to

clearly classify four groups of respiratory-
modulated RVLM presympathetic neu-
rons, in accordance with the firing pattern
of each neuron in the different phases of
the respiratory cycle: (1) neurons with a
very regular pattern of action potential
discharge; (2) neurons discharging action
potentials in an irregular pattern with an
inspiratory modulation; (3) neurons dis-
charging action potentials in an irregular
pattern with a pos-I modulation; and (4)
neurons discharging action potentials in a
regular pattern with an inspiratory
inhibition.

To further investigate the respiratory-
and nonrespiratory-related rhythmic ac-
tivity of RVLM presympathetic neurons,
we analyzed whether synaptic inputs,
intrinsic electrophysiological properties,
ionic currents, or the relation to C1 group
of neurons were different in these four
groups of RVLM presympathetic neu-
rons. Considering that the exposure to
CIH enhanced the central coupling be-
tween respiratory and sympathetic activi-
ties (Fig. 1Ai,Aii,Bi,Bii), the effects of a
metabolic challenge produced by CIH on
respiratory synaptic inputs and intrinsic
electrophysiological properties of these
neurons were also evaluated.

Group I (nonmodulated)
Catecholaminergic neurons belonging to
the spinally projecting C1 group were
identified using the single-cell qRT-PCR
technique and immunofluorescence, while
glutamatergic neurons were identified using
single-cell qRT-PCR. All tested nonmodu-
lated RVLM presympathetic neurons were
positive TH-ir cells using immunofluores-
cence (control: 5 neurons; CIH: 5 neurons;
Fig. 3Ai,Aii) and all tested neurons (control:
4 neurons) using single cell qRT-PCR for
the presence of VGLUT2 also were positive
(Fig. 3Aiii). During control condition, re-
duced spike discharge frequency with a

small continuous hyperpolarizing current revealed few sEPSPs with-
out relation to any specific phase of the respiratory cycle (Fig. 2Ci).
After synaptic blockade, this group of neurons showed a resting
membrane potential of �53 � 2.2 mV, intrinsic spike discharge
frequency of 6 � 1.1 Hz, and an input resistance of 335 � 1.1 M�
(n � 9; Table 1). The average number of actions potentials in re-
sponse to 100 pA of positive current was 46 � 6 spikes (Table 1). A
small decrease in the instantaneous spike discharge frequency and
increase in the interspike interval in response to positive current
injection were also observed (Fig. 4Ai,Aii). During larger negative
current steps, an initial hyperpolarization followed by a shift of the
membrane potential toward more positive voltages (sag) was also
seen, suggesting the presence of a hyperpolarization-activated in-
ward conductance (Fig. 5Di).

Nonmodulated RVLM presympathetic neurons from CIH
hypertensive rats, with increased sympathetic activity during the
late-E phase, presented no significant changes in the spike discharge

Figure 7. Spike discharge frequency and intrinsic electrophysiological properties of postinspiratory-modulated RVLM presym-
pathetic neurons from control and CIH rats. Raw and integrated (�) records of PN, tSN, and postinspiratory-modulated RVLM
presympathetic neurons activities from control (Ai) and CIH (Aii) rats. Note the presence of late-expiration (late-E;1) in tSN and
an increase in the spike discharge frequency of presympathetic neuron in the same phase of respiratory cycle after CIH. In the
presence of synaptic blockade, intrinsic spike discharge frequency (Bi, Bii), excitability properties (Ci, Cii, Ciii), and input resistance
[Ri (Di, Dii, Diii)] of postinspiratory-modulated RVLM presympathetic neurons were not affected by CIH.
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frequency (3.2 � 0.9 vs 3 � 1 Hz; n � 19;
Fig. 5Ai,Aii) or any change in the intrinsic
electrophysiological properties, such as rest-
ing membrane potential, intrinsic spike dis-
charge frequency (Fig. 5Bi,Bii), number of
spikes in response to positive current injec-
tion (Fig. 5Ci,Cii,Ciii), or input resistance
(Fig. 5Di,Dii,Diii) when compared with
nonmodulated RVLM presympathetic neu-
rons from control rats (n � 19; Table 1).
These data suggest that this group of TH-
positive RVLM presympathetic neurons is
not involved in the increased sympathetic
activity observed after CIH.

Group II (inspiratory-modulated)
All tested RVLM presympathetic neurons
with inspiratory modulation were positive
TH-ir cells using immunofluorescence
(control: 8 neurons; CIH: 8 neurons; Fig.
3Bi,Bii) and all tested neurons (control: 4
neurons) also expressed VGLUT2 (Fig.
3Biii), as shown by single-cell qRT-PCR
experiments. Reducing spike discharge
frequency with a small continuous hyper-
polarizing current revealed sEPSPs clearly
correlated with the inspiratory phase (Fig.
2Cii), which may be responsible for the
observed increase in their spike discharge
frequency during inspiration. After syn-
aptic blockade, this group of RVLM
presympathetic neurons had a resting
membrane potential of �51 � 2.3 mV,
intrinsic spike discharge frequency of
22 � 3 Hz, and an input resistance of
162 � 6.5 M� (n � 12; Table 1). The
average number of actions potentials in
response to 100 pA of positive current was
90 � 8.7 spikes. A sustained profile in the
instantaneous spike discharge frequency
and interspike interval responses to posi-
tive current injection (Fig. 4Bi,Bii) were
also observed.

Similar to nonmodulated RVLM
presympathetic neurons, positive TH-ir
inspiratory-modulated neurons seem not
to be involved in the increased sympathetic
activity observed after CIH because the
spike discharge frequency (5 � 1.3 vs 4 �
1.9 Hz; n � 24; Fig. 6Ai,Aii), resting mem-
brane potential, intrinsic spike discharge
frequency (Fig. 6Bi,Bii), number of spikes in
response to positive current injection (Fig.
6Ci,Cii,Ciii), and input resistance (Fig. 6Di,Dii,Diii) were not signif-
icantly different from control rats (n � 24; Table 1).

Group III (postinspiratory modulated)
All tested RVLM presympathetic neurons with post-I modulation
were negative TH-ir cells using immunofluorescence (control: 9
neurons; CIH: 7 neurons; Fig. 3Cii) and all tested neurons (control:
3 neurons) also expressed VGLUT2 (Fig. 3Ciii), as shown by single
cell qRT-PCR. Reducing their spike discharge frequency with a small
continuous hyperpolarizing current revealed sEPSPs during the
post-I phase (Fig. 2Di), which may be responsible for the increase in

their spike discharge frequency observed during post-I phase. Under
conditions of synaptic blockade, their resting membrane potential
was �52 � 3.2 mV, intrinsic spike discharge frequency was 13 � 2
Hz, and input resistance was 245 � 5 M� (n � 12; Table 1). The
average number of actions potentials in response to 100 pA of posi-
tive current was 61 � 7 spikes (Table 1). A temporal increase in the
instantaneous spike discharge frequency and decrease in the inter-
spike interval responses to positive current injection were observed
(Fig. 4Ci,Cii).

RVLM presympathetic neurons from hypertensive CIH rats,
with post-I modulation, showed a significant increase in the spike

Figure 8. Effects of CIH on the synaptic inputs to the postinspiratory-modulated RVLM presympathetic neurons. sEPSPs, mea-
sured by hyperpolarizing the neurons, during different phases of respiration of postinspiratory-modulated RVLM presympathetic
neurons from control (Ai) and CIH (Aii) rats. Note that CIH produced an increase in the frequency and amplitude of sEPSPs only
during late-E (Aiii, Aiv). sEPSCs, measured at �70 mV, during different phases of respiration of the same postinspiratory-
modulated RVLM presympathetic neurons from control (Bi) and CIH (Bii) rats shown in A. Note that CIH also produced an increase
in the frequency and amplitude of sEPSCs only during late-E (Biii, Biv). The superimposed sEPSPs (Aiii, Aiv) and sEPSCs (Biii, Biv)
were event triggered.
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discharge frequency at the late-E phase (35 � 3 vs 4 � 1 Hz; p �
0.0001; n � 26; Fig. 7Ai,Aii), which is well correlated with late-E
tSN activity. Regarding the intrinsic electrophysiological proper-
ties, the data show that the spike discharge frequency (Fig. 7Bi–
Bii), number of spikes in response to positive current injection
(Fig. 7Ci,Cii,Ciii), and input resistance (Fig. 7Di,Dii,Diii) of
RVLM presympathetic neurons, showing post-I modulation,
were not affected by CIH (n � 26; Table 1). This set of data
indicates that increased sympathetic activity in in situ prepara-
tions of CIH rats is not due to changes in the intrinsic electrophys-
iological properties of the postinspiratory-modulated RVLM
presympathetic neurons, but rather dependent on inputs from
other groups of neurons, which are also part of the intact net-
work. Therefore, on the next step, we evaluated the excitatory
synaptic inputs to these neurons, by recording both spontaneous
excitatory postsynaptic currents (sEPSCs) and sEPSPs, during

different phases of the respiratory cycle.
Using this approach, we analyzed the pos-
sible source of the increased spike dis-
charge frequency of this population of
RVLM presympathetic neurons during
the late-E phase. The results show that
CIH increased the frequency of sEPSPs
(12 � 2.4 vs 2.2 � 0.9 Hz; p � 0.001; n �
26; Fig. 8Ai–Aiv) and sEPSCs (14 � 2 vs
2 � 0.5 Hz; p � 0.0001; n � 26; Fig. 8Bi–
Biv) as well as their amplitudes [(sEPSPs:
19 � 3 vs 9 � 2 mV; p � 0.01; n � 26; Fig.
8Ai–Aiv) (sEPSCs: 155 � 3 vs 25 � 4 pA;
p � 0.0001; n � 26; Fig. 8Bi–Biv)] only in
the late-E phase. These findings indicate
that the excitatory inputs, probably from
expiratory neurons, drive the increased
RVLM presympathetic neurons activities
and, as a consequence, induce the in-
creased sympathetic activity observed in
CIH rats.

Group IV (inspiratory-inhibited)
All tested RVLM presympathetic neurons
with inspiratory inhibition were negative
TH-ir cells using immunofluorescence
(control: 7 neurons; CIH: 5 neurons; Fig.
3Di,Dii) and all tested neurons (control: 3
neurons) also expressed VGLUT2 (Fig.
3Diii), as shown by single cell qRT-PCR.
Reducing their spike discharge frequency
with a small continuous hyperpolarizing
current revealed a strong inhibition dur-
ing the inspiratory phase (Fig. 2Dii). Un-
der conditions of synaptic blockade, their
resting membrane potential was �54 �
3.4 mV, intrinsic spike discharge fre-
quency was 8 � 1.9 Hz, and input resis-
tance was 515 � 9 M� (n � 10; Table 1).
The average number of actions potentials
in response to 100 pA of positive current
was 64 � 6 spikes (Table 1). In contrast to
postinspiratory-modulated RVLM pre-
sympathetic neurons, it was possible to
observe a spike frequency adaptation with
an increase in the interspike interval in re-
sponse to positive current injection in the
inspiratory-inhibited RVLM presympa-

thetic neurons (Fig. 4Di,Dii). After large hyperpolarizing current
injection, the inspiratory-inhibited RVLM presympathetic neu-
rons also expressed a delay in the rate of depolarization and in the
generation of action potentials (Fig. 9Di). The current that un-
derlies this delay excitation seems to be similar to a transient
potassium current, activated upon depolarization from hyperpo-
larized potentials.

Despite the fact that inhibitory-modulated RVLM presympa-
thetic neurons were negative TH-ir, similar to the postinspiratory-
modulated neurons, they are not involved in the increased
sympathetic activity after CIH, because the spike discharge fre-
quency (6 � 1.3 vs 6.4 � 2.2 Hz; n � 20; Fig. 9Ai,Aii), resting
membrane potential, intrinsic spike discharge frequency (Fig. 9Bi–
Bii), number of spikes in response to positive current injection (Fig.
9Ci,Cii,Ciii), or input resistance (Fig. 9Di,Dii,Diii) were similar to

Figure 9. Spike discharge frequency and intrinsic electrophysiological properties of inspiratory-inhibited RVLM presympathetic
neurons from control and CIH rats. Raw and integrated (�) records of PN, tSN, and inspiratory-inhibited RVLM presympathetic
neurons activities from control (Ai) and CIH (Aii) rats. Note the presence of late-expiration (late-E;1) in tSN and no changes in the
spike discharge frequency of inspiratory-inhibited RVLM presympathetic neuron after CIH. In the presence of synaptic blockade,
intrinsic spike discharge frequency (Bi, Bii), excitability properties (Ci, Cii, Ciii), and input resistance [Ri (Di, Dii, Diii)] of
inspiratory-inhibited RVLM presympathetic neurons were not affected by CIH. Note that after large hyperpolarizing current injec-
tion in Di and Dii, the inspiratory-inhibited RVLM presympathetic neurons expressed a delay in the rate of depolarizing and in the
generation of action potentials (1).
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the neurons from control rats (n�20; Table
1). The basic electrophysiological properties
of the different populations of respiratory-
modulated RVLM presympathetic neurons
from control and CIH rats are summarized
in the Table 1 and the differences between
these properties in the four groups, when
present, are indicated.

Hyperpolarization-activated inward
conductance does not modulate the
pacemaker activity of nonmodulated
RVLM presympathetic neurons
Only the group I of RVLM presympathetic
neurons exhibits a hyperpolarization-
activated inward conductance (Fig. 5Di–
Dii). Here, we examined the contribution of
this inward conductance to pacemaker ac-
tivity of group I of RVLM presympathetic
neurons. Small injections of negative cur-
rent (�25 pA) cause a hyperpolarizing
membrane response that is maintained
throughout the duration of the current
pulses (Fig. 5Di,Dii). In contrast, larger hy-
perpolarizing pulses produced a “sag” (Fig.
5Di,Dii). This sag is consequence of the
activation of a time-dependent inward con-
ductance. Under voltage-clamp, hyperpo-
larizing voltage steps (�70 to �130 mV),
from a holding potential of �70 mV, re-
vealed a slowly activating inward current
(Fig. 10Ai). This inward current reached a
plateau after several hundred milliseconds
and showed no inactivation in the time win-
dow in which it was recorded. Addition of
ZD7288 (40 �M), a selective blocker of Ih, to
the perfusion resulted in a significant reduc-
tion in this current (Fig. 10Aii). Off-line
subtraction of the inward current before
and after the perfusion with ZD7288 re-
vealed the Ih, which starts to be activated
��70 mV with peak at �130 mV (�335 �
11 pA; n � 6; Fig. 10Aiii,Bi), half-activation
voltage of �97.3 � 0.6 mV, and a slope fac-
tor of �7.1 � 0.6 mV (Fig. 10Bii). We ex-
amined the participation of this Ih in the
pacemaker activity of RVLM presympa-
thetic neurons by using ZD7288 in the per-
fusion. The effect of ZD7288 on the spike discharge frequency of
nonmodulated C1 pacemaker neuron is illustrated in the Figure 10,
Ci and Cii. Selective blockade of Ih produced no changes in the pace-
maker spike discharge frequency of group I of RVLM presympa-
thetic neurons (7 � 1.6 vs 6 � 1.1 Hz; n � 9; Fig. 10Ci,Cii).

Properties of low-threshold spike and T-type calcium
currents in the inspiratory- and postinspiratory-modulated
RVLM presympathetic neurons
As shown in Figure 11Ai, a burst discharge was evoked at the end
of a hyperpolarizing pulse, which was followed by a train of action
potentials, only in the groups II and III of RVLM presympathetic
neurons. In the presence of TTX, a prominent low-threshold
spike (LTS) was displayed at the end of a hyperpolarizing pulse,

which was blocked by perfusion of 50 �M Ni 2
, a known T-type
calcium channel blocker (Fig. 11Aii).

T-type calcium currents were activated using a series of depo-
larizing command pulses (from �90 to 0 mV, in 10 mV incre-
ments). The peak amplitudes of the evoked currents were plotted
as a function of the command potential (I/V plots) and the
voltage-dependent activation of the evoked currents was as-
sessed. A representative example of one RVLM presympathetic
neuron from group III is shown in Figure 11Aiii. On average, the
peak of activation of T-type calcium current in the groups II and
III of RVLM presympathetic neurons was �50 mV, and there was
no difference in the T-type calcium currents between these
groups of neurons (at �50 mV: �2.05 � 0.6 vs �2.2 � 0.7 pA/pF
from group II and group III, respectively; n � 10; Fig. 11Bi). We
investigated a possible role of T-type calcium currents in the

Figure 10. Bulbospinal nonmodulated pacemaker RVLM presympathetic neurons express hyperpolarization-activated inward
current (Ih). Ai, Hyperpolarizing voltage steps (�10 mV increments) from a holding potential of �70 mV evoked a time-
dependent inward current in the nonmodulated RVLM presympathetic neuron. Aii, The inward current is reduced by addition of
ZD7288 (40 �M), a selective blocker of the Ih, to the perfusion solution. Aiii, Off-line subtraction of the traces presented in Ai and
Aii are showing the Ih ZD 7288-sensitive current. Bi, Current–voltage relationship of the steady-state portion of the averaged Ih.
Bii, Ih activation curve (Boltzman fitted; see Materials and Methods) showing the voltage dependence of the inward current. Ci,
Representative tracing of the pacemaker activity of nonmodulated RVLM presympathetic before and after (Cii) perfusion with
ZD7288. Addition of ZD7288 produced no changes in the pacemaker spike discharge frequency of nonmodulated RVLM presym-
pathetic neuron.
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pacemaker activity with Ni 2
in the perfusion in the groups II and
III of RVLM presympathetic neurons. In the example of one
RVLM presympathetic neuron from group III (Fig. 11Bii,Biii),
Ni 2
did not block the pacemaker activity, but induced a depo-
larization [(group II: �46 � 0.8 vs �51 � 2.3 mV; n � 12; p �
0.05) (group III: �45 � 0.5 vs �52 � 3.2 mV; n � 12; p � 0.04)]
and increased spike discharge frequency [(group II: 36 � 5.5 vs
22 � 3 Hz; n � 12; p � 0.03) (group III: 25 � 3.5 vs 13 � 2 Hz;
n � 12; p � 0.007)].

Role of voltage-activated outward conductance in the
pacemaker activity of inspiratory-inhibited RVLM
presympathetic neurons
The transient A-type voltage-dependent IA, only expressed in the
group IV of RVLM presympathetic neurons (Fig. 9Di,Dii), is
characterized by a strong voltage dependence and rapid activa-
tion and inactivation kinetics, resulting in a transient outward
current (Fig. 12Ai). Depolarizing steps of increasing amplitudes
(�80 to 60 mV, in 10 mV increments) were used to activate IA.
The average IA peak current density at 60 mV was 71 � 5.2 pA/pF
(n � 6; Fig. 12Aii). Plots of conductance versus membrane po-
tential show a half-activation voltage of �39.1 � 1.6 mV, with a
slope factor of 12 � 1.4 mV (Fig. 12Bi). The voltage dependence
of inactivation was then studied (Fig. 12Aiii). The average IA
half-inactivation potential was �68 � 0.6 mV with a slope factor

of �11.7 � 0.6 (Fig. 12Bi).When the
voltage-dependent activation and inacti-
vation curves of IA were plotted together,
a small overlapping area between these
two curves (i.e., “window current”) at po-
tentials between �70 mV to �35 mV was
observed (Fig. 12Bi).

Since the IA was active in the voltage
range traversed by pacemaker potentials
(“window current”), we examined the
modulatory effect of IA on the pacemaker
activity of group IV of RVLM presympa-
thetic neurons by using a blocker of this
conductance, 4-aminopyridine (4-AP; 5
mM; Sigma-Aldrich), in the perfusion so-
lution. Application of 4-AP resulted in an
increase in the pacemaker spike discharge
frequency, from 8 � 1.9 Hz to 13 � 0.9 Hz
(n � 10; p � 0.03; Fig. 12Bii,Biii).

Persistent sodium current is essential
for pacemaker activity of
nonmodulated and respiratory-
modulated RVLM presympathetic
neurons
To further address the pacemaker activity of
respiratory-modulated RVLM presympa-
thetic neurons, the presence of INaP was
tested directly in the voltage-clamp mode.
An example of one inspiratory-modulated
RVLM presympathetic neuron is illustrated
in Figure 13A. To isolate INaP and study its
current–voltage relationship without con-
comitant activation of fast sodium currents,
we used slow depolarizing voltage ramps
(30 mV/s) from a holding potential of �85
to 15 mV. The activation of INaP was evident
��55 mV and reached its peak amplitude

between �40 and �35 mV. Application of riluzole (10 �M) substan-
tially reduced the inward deflection indicating that riluzole-sensitive
sodium current underlies this conductance (Fig. 13A).

To test the hypothesis that INaP may be differentially expressed
in the different groups of RVLM presympathetic neurons, we
compared the amplitude of their riluzole-sensitive current. As
illustrated in the Figure 13B, the peak current density of INaP was
significantly different between some of the RVLM presympa-
thetic neurons and all RVLM presympathetic pacemaker neurons
expressed INaP [(group I: 0.5 � 0.06 pA/pF; n � 5) (group II:
3.3 � 0.2 pA/pF; n � 5) (group III: 0.99 � 0.07 pA/pF; n � 6)
(group IV: 0.96 � 0.06 pA/pF; n � 5)]. The voltage-clamp data
are consistent with the observed inhibition of pacemaker spike
discharge frequency by blocking INaP with riluzole (Fig. 13C), by
hyperpolarization to voltages higher than �55 mV, and clearly
implicate INaP as the main conductance underlying pacemaker
potentials in the nonmodulated and respiratory-modulated
RVLM presympathetic neurons after synaptic blockade.

Discussion
We are showing that bulbospinal respiratory-modulated RVLM
presympathetic neurons constitute a heterogeneous neuronal
population regarding their electrophysiological properties, syn-
aptic inputs, and expression of ionic current, albeit all presympa-
thetic neurons presented intrinsic pacemaker activity after

Figure 11. Electrophysiological properties of LTS and T-type calcium current in the bulbospinal inspiratory- and
postinspiratory-modulated RVLM presympathetic neurons. Ai, Examples of electrophysiological recordings obtained from one
representative postinspiratory-modulated RVLM presympathetic neuron showing the generation of a burst discharge at the end of
a hyperpolarizing pulse (2 s, at different holding currents) followed by a train of action potentials. Aii, In the presence of TTX (0.5
�M), the LTS appeared at the end of the hyperpolarizing pulses as a short-lasting depolarizing hump and it was entirely blocked by
50 �M Ni 2
. Aiii, T-type calcium current obtained from another postinspiratory modulated RVLM presympathetic neuron using a
series of depolarizing command pulses (from �90 to 0 mV, in 10 mV increments), from a hyperpolarizing conditioning pulse of
�90 mV. Bi, Average peak amplitudes of the evoked currents as a function of the command potential in the groups II and III of
RVLM presympathetic neurons. Bii, In current-clamp mode, the pacemaker spike discharge frequency, of the same
postinspiratory-modulated RVLM presympathetic neuron showed in Ai, increased after application of Ni 2
. Biii, Ni 2
 reduced
the amplitude of after-hyperpolarization potential, causing a shorter duration of the interspike interval. Group II: inspiratory-
modulated RVLM presympathetic neurons; Group III: postinspiratory-modulated RVLM presympathetic neurons.
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synaptic isolation. This pacemaker activity
of C1 and adjacent non-C1 respiratory-
modulated presympathetic neurons, in in
situ preparations, is due to an intrinsic cel-
lular mechanism dependent on INaP. We are
also showing that the increase in the spike
discharge frequency of the respiratory-
modulated presympathetic neurons, in a
condition of metabolic challenges in rats
produced by CIH, is restricted to a spe-
cific subpopulation of neurons (non-C1
postinspiratory-modulated), which pres-
ents an enhancement of the excitatory syn-
aptic inputs from the respiratory network.

In the present study we identified three
types of respiratory-modulated RVLM pre-
sympathetic neurons, as well as a fourth type
showing no respiratory-related modulation.
All these subpopulations of neurons corre-
spond qualitatively to the patterns reported
by other laboratories using in vivo anesthe-
tized animals (McAllen, 1987; Haselton and
Guyenet, 1989; Miyawaki et al., 1995). The
firing pattern of group II of RVLM presym-
pathetic neurons is quite similar to the pat-
tern of activity recorded from cardiac,
splanchnic, and adrenal sympathetic nerves
(Numao et al., 1987). The discharge pattern
of the group III of RVLM presympathetic
neurons closely matched the pattern seen
in the lumbar sympathetic nerve activity
(Haselton and Guyenet, 1989) and in post-
ganglionic neurons innervating the vaso-
constrictor muscle (Häbler et al., 1993).
Therefore, we are showing that the different
patterns of the respiratory-modulated
RVLM presympathetic neurons recorded
are due to direct synaptic inputs from dis-
tinct respiratory neurons, and it may ex-
plain the regional differences in sympathetic
nerve activity innervating different vascular
beds (Numao et al., 1987).

Previous studies showed that the RVLM
presympathetic C1 neurons are implicated
in cardiovascular control (Allen and Guy-
enet, 1993; Lipski et al., 1995a). We used
single-cell qRT-PCR and immunofluores-
cence to study the expression of TH and
VGLUT2 within functionally identified
respiratory-modulated RVLM presympa-
thetic neurons. Despite the fact that all
respiratory-modulated RVLM presympa-
thetic neurons investigated with qRT-PCR
were glutamatergic neurons, we detected
the TH mRNA only in the groups I and II of
presympathetic neurons. The efficiency of
our TH primer to detect mRNA at the single
cell level is supported by our findings of TH
protein expression only in RVLM neurons
from groups I and II.

We documented that C1 respiratory-
modulated RVLM presympathetic neurons
send direct projections to sympathetic

Figure 12. Modulatory effect of IA on the pacemaker frequency of bulbospinal inspiratory-inhibited RVLM presympathetic
neurons. Ai, Transient IA current and a sustained outward current of a pacemaker nonmodulated RVLM presympathetic neuron
elicited by depolarizing voltage steps (from �80 to 60 mV) with a holding voltage either of �110 mV or �40 mV. With the
off-line subtraction of the currents evoked with holding voltage of �110 and �40 mV, the IA current was isolated. Aii, Average
amplitude of IA current measured at the peak values of the subtracted current showed in Ai. Aiii, Voltage-dependent inactivation
was measured as the decrease in IA during a step to �30 mV after 1 s of preholding potentials from �130 to �30 mV. Bi, When
the average normalized IA amplitude obtained with the voltage-dependent activation (f) and inactivation (�) protocols are
plotted together (Boltzmann fitted—see Materials and Methods) as a function of the command potential, a region of overlap
between �70 mV and �35 mV was observed. Bii, In current-clamp mode, the pacemaker spike discharge frequency of the
inspiratory-inhibited RVLM presympathetic neuron increased after application of 4-AP (5 mM). Biii, Broadening of a pacemaker
action potential and reduction of after-hyperpolarization potential in the presence of 4-AP was observed.

Figure 13. Persistent sodium current (INaP) underlies the pacemaker activity in bulbospinal nonmodulated and respiratory-
modulated RVLM presympathetic neurons. A, Representative current response of one inspiratory-modulated RVLM presympa-
thetic neuron from control rats voltage-clamped to a slow depolarizing voltage ramp (30 mV/s) applied from a holding potential of
�85 mV to �25 mV. A developing slow inward current was evident as a negative slope conductance on the current–voltage plot
with activation voltage (1) ��55 mV. Riluzole (10 �M) completely suppressed the inward current. B, Comparison of the
riluzole-sensitive INaP at �30 mV, expressed as peak current density, between all pacemaker RVLM presympathetic neurons. Note
that the group II of RVLM presympathetic neurons presented a higher INaP current density in relation to other groups of neurons. C,
Representative voltage traces of the pacemaker activity of same inspiratory-modulated RVLM presympathetic neuron showed in A.
Riluzole blocked the spontaneous spike discharge frequency of the bulbospinal pacemaker inspiratory-modulated RVLM presym-
pathetic neuron. Group I: nonmodulated RVLM presympathetic neurons; Group II: inspiratory-modulated RVLM presympathetic
neurons; Group III: postinspiratory-modulated RVLM presympathetic neurons; Group IV: inspiratory-inhibited RVLM presympa-
thetic neurons; *p � 0.05 in relation to the groups I, III, and IV of RVLM presympathetic neurons.
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preganglionic neurons in the spinal cord, indicating that they are
undoubtedly part of the neural substrate that regulates the cardio-
vascular system as showed before for cardiac-modulated neurons
(Reis et al., 1989; Ruggiero et al., 1989; Allen and Guyenet, 1993). We
also documented that C1 neurons are not the only group of
respiratory-modulated presympathetic neurons that drive the sym-
pathetic outflow. The increased sympathetic activity observed in in
situ preparations of CIH rats was due to changes in the spike dis-
charge frequency of non-C1 postinspiratory-modulated presympa-
thetic neurons during the late-E phase, whose mechanisms are
dependent on glutamatergic synaptic inputs from respiratory net-
work. These results corroborate the hypothesis that elevations in
sympathetic activity, in different models of hypertension, might in-
volve exaggerated respiratory–sympathetic coupling (Czyzyk-
Krzeska and Trzebski, 1990; Toney et al., 2010; Moraes et al., 2012a).
The data of the present study provide a mechanistic insight to ex-
plain why CIH awake rats, which are also hypertensive, presented
active expiration in the abdominal muscle in the same phase of in-
creased spike discharge frequency of presympathetic neurons ob-
served in in situ preparations.

We identified differences in some of the electrophysiological
properties of respiratory-modulated RVLM presympathetic neu-
rons, such as intrinsic excitability, which may be related to differ-
ences in ionic conductances operating at or close to the resting
membrane potential, albeit all neurons presented pacemaker ac-
tivity after synaptic blockade. However, before the synaptic
blockade when these cells were receiving multiple synaptic in-
puts, the pattern of spike discharge frequency was probably de-
termined by the balance of excitatory and inhibitory inputs, as
also observed in in vivo anesthetized rats (Lipski et al., 1995b), in
which experiments the synaptic blockade was not performed.
Although these cells, as part of a complex network, are in charge
of the generation of sympathetic activity, it does not imply that
under this condition their spike discharge frequency is driven by
their intrinsic pacemaker properties.

The ionic currents underlying the hyperpolarization activated
inward conductance in the group I of presympathetic neurons
resembles Ih, a well characterized current in a variety of neurons
in the CNS(McCormick and Pape, 1990; Sirois et al., 2002) and in
heart pacemaker cells (Brown et al., 1984). The Ih can accelerate
pacemaker frequency of presympathetic neurons by increasing
the slope of the depolarizing phase of the membrane potential.
However, this current is not essential for pacemaker activity of
the group I of presympathetic neurons. This is indicated by the
results showing that the Ih blockade by ZD7288 produced no
effect on the pacemaker activity. In this case we suggest that the
membrane potential of these neurons after synaptic blockade was
more depolarized than the voltage necessary to activate the Ih.

One of the most prominent intrinsic properties observed in
the groups II and III of RVLM presympathetic was the presence of
calcium-dependent LTS. The concept that the expression of the
LTS in presympathetic neurons is mediated by the activation of
T-type calcium current is supported by the voltage-dependent
properties and sensitivity to micromolar concentrations of Ni 2


(Lee et al., 2008). Similarly, the involvement of T-type calcium
current underlying the LTS has been shown previously in pre-
sympathetic neurons (Sun and Reis, 1994) and in other neuronal
types (Luther and Tasker, 2000; Stern, 2001). The LTS has been
demonstrated to play a major role in brain areas showing neuro-
nal oscillations and burst firing (Llinás and Yarom, 1981). We
suggest that in the groups II and III of presympathetic neurons,
calcium influx is not the main conductance underlying pace-
maker activity, but plays a minor role probably acting indirectly

by inducing a calcium-activated potassium channel [(BKCa)
(Pierrefiche et al., 1995)]. This conductance underlies AHP in
neurons and appears to be a potent modulator of their spike
discharge frequency, which can explain the increase in the spike
discharge frequency and depolarization after the blockade of
T-type calcium channels in the groups II and III of presympa-
thetic neurons.

Depolarizing steps of sufficient amplitude activated a tran-
sient outward current in the group IV of RVLM presympathetic
neurons. Along with studies by Kangrga and Loewy (1995) using
brainstem slices, we observed that this current resembles IA,
which is involved in the generation of delay excitation. In agree-
ment with previous reports in other neuronal types (Belugin and
Mifflin, 2005; Wang and Schreurs, 2006; Sonner and Stern,
2007), our data support the concept that a tonically active IA (i.e.,
“window” current) is present in group IV of presympathetic neu-
rons. This window current was found to be active in a narrow,
although physiologically relevant, range of membrane potential,
and it may play a role in setting resting membrane potential in
pacemaker presympathetic neurons.

The voltage dependence of the INap recorded in respiratory-
modulated RVLM presympathetic neurons resemble that de-
scribed in other pacemaker neurons (Koizumi and Smith, 2008;
Liu and Shipley, 2008). Our results suggest that INap drives the
pacemaker activity of nonmodulated and respiratory-modulated
RVLM presympathetic neurons because: (1) the INap is activated
at voltages ��55 mV and reach its peak amplitude at �35 mV.
This is consistent with the observation that pacemaker spike dis-
charge frequency is generated only when membrane potential is
��55 mV; (2) the pacemaker activity is blocked by addition of
riluzole, a selective blocker of INaP, or by hyperpolarization. Stud-
ies by Kangrga and Loewy (1995) showed the presence of an
inward sodium current in Cl bulbospinal neurons, and that this
current was significantly larger in pacemaker than in nonpace-
maker C1 neurons in brainstem slices. A similar current is present
in locus ceruleus cells and may contribute to the pacemaker ac-
tivity of these cells as well (Williams et al., 1991). However, this
current is also present in other cell types (hippocampal neurons)
that do not fire spontaneously (French et al., 1990). This may
indicate that not only is INaP essential for expressing pacemaker
activity of presympathetic neurons, but the expression of other
currents, such as leak currents that by interacting with the INaP

may affect the excitability of these neurons and be a functional set
of subthreshold conductances as a potential targets for neuro-
modulatory control of sympathetic outflow.

In conclusion, our electrophysiological experiments provide new
and important data about the electrophysiological properties of
nonmodulated and respiratory-modulated RVLM presympathetic
neurons in the intact sympathetic and respiratory networks and after
synaptic blockade. Based on the in situ patch-clamp recordings, the
results show that the respiratory-modulated RVLM presympathetic
neurons constitute a heterogeneous neuronal population, in regards
to the intrinsic electrophysiological properties, synaptic inputs, rela-
tion to C1 group and in the control of sympathetic outflow in re-
sponse to a metabolic challenge produced by CIH. There is
experimental evidence pointing out to the involvement of RVLM
presympathetic neurons in cardiovascular disorders (Han et al.,
1998; Toney et al., 2010), including hypertension, but the cellular
mechanisms underlying the possible changes in the excitability of
presympathetic neurons are unknown. We are showing here for the
first time that the respiratory-modulated RVLM presympathetic
neurons (non-C1 neurons with post-I modulation) may contribute
to the increased sympathetic outflow in CIH rats, which mecha-
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nisms involve enhanced respiratory synaptic inputs, probably from
expiratory neurons. Therefore, the study of the cellular mechanisms
involved in the central generation of respiratory-sympathetic cou-
pling will have important implications for a better understanding of
the medullary control of sympathetic activity in physiological and
pathophysiological conditions.
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