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Modulation of Bulbospinal Rostral Ventral Lateral Medulla
Neurons by Hypoxia/Hypercapnia but Not Medullary
Respiratory Activity

Carie R. Boychuk, Amanda L. Woerman, David Mendelowitz

Abstract—Although sympathetic vasomotor discharge has respiratory modulation, the site(s) responsible for this cardiorespiratory

interaction is unknown. One likely source for this coupling is the rostral ventral lateral medulla (RVLM), where presympathetic
neurons originate in close apposition to respiratory neurons. The current study tested the hypothesis that RVLM bulbospinal
neurons are modulated by medullary respiratory network activity using whole-cell patch-clamp electrophysiological
recordings of RVLM neurons while simultaneously recording fictive respiratory bursting activity from the hypoglossal rootlet.
Additionally, we examined whether challenges to cardiorespiratory function, mainly hypoxia/hypercapnia, alter the activity
of bulbospinal neurons and, secondarily, whether changes in synaptic input mediate these responses. Surprisingly, our results
indicate that inspiratory-related activity did not modulate glutamatergic, y-aminobutyric acid-ergic, or glycinergic synaptic
events or spontaneous action potential firing in these RVLM neurons. However, hypoxia/hypercapnia reversibly decreased
the frequency of y-aminobutyric acid and glycine inhibitory postsynaptic currents. Glycinergic inhibitory postsynaptic
current frequency was depressed from the fifth through the 10th minute, whereas the depression of y-aminobutyric
acid-ergic events became significant only at the 10th minute of hypoxia/hypercapnia. On the basis of spontaneous firing
activity, there were 2 populations of RVLM bulbospinal neurons. The firing frequency of low-discharging RVLM neurons
was facilitated by hypoxia/hypercapnia, and this increase depended on reduced inhibitory neurotransmission. The firing
frequency in RVLM neurons with high-discharge rates was inhibited, independent of synaptic input, by hypoxia/hypercapnia.
This article demonstrates that sympathetic-respiratory coupling is not active in the neonatal brain stem slice, and reductions
in inhibitory neurotransmission to low spontaneously active bulbospinal RVLM neurons are responsible for hypoxia/
hypercapnia-elicited increases in activity. (Hypertension. 2012;60:1491-1497.) @ Online Data Supplement
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eurons within the rostral ventral lateral medulla (RVLM)

monosynaptically project to the intermediolateral column
of the spinal cord and provide the primary tonic excitatory
drive to spinal sympathetic vasomotor neurons, which regulate
and maintain blood pressure. Sympathetic vasomotor neurons
discharge in phase with respiration, a phenomenon known as
sympathetic-respiratory coupling.? Although the exact pat-
terning varies, nearly all sympathetic discharge increases dur-
ing inspiration and reaches a peak either during inspiration
or the postinhibitory/early excitatory period.>* This coupling
can become abnormal during diseases, such as sleep apnea or
hypertension,* and this altered activity may contribute to car-
diorespiratory disease and sympathetic dysfunction. However,
the neural mechanism(s) responsible for the entrainment of
sympathetic activity with respiration remains contentious.
Although peripheral pulmonary stretch receptor afferents may
contribute, sympathetic-respiratory-related activity persists in
lung transplant patients® and after vagotomy.*’” An alternative

hypothesis suggests that sympathetic-respiratory coupling
occurs via central respiratory modulation of brain stem bul-
bospinal RVLM neurons. In support of a brain stem—mediated
mechanism, the pressor-related neurons of the RVLM them-
selves possess respiratory-related modulation® and are in close
proximity to medullary respiratory groups.”'® Therefore, it is
possible that RVLM bulbospinal neurons receive respiratory-
related synaptic inputs that serve to entrain sympathetic vaso-
motor neurons with respiration.!!

In addition to normal respiratory alterations, challenges to
the cardiorespiratory system, such as hypoxia and hypercap-
nia, evoke large increases in sympathetic activity. Hypoxia and
hypercapnia reversibly increase the firing frequency in RVLM
bulbospinal neurons after a brief exposure (2040 s)'; however,
the mechanisms responsible for this increase are unknown.
Previous work has demonstrated that the respiratory modula-
tion of parasympathetic cardioinhibitory neurons is mediated
by increases in inhibitory neurotransmission to cardiac vagal
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neurons within the nucleus ambiguus.”®* Furthermore, these
synaptic pathways are biphasically modulated during hypoxia
and combined hypoxia/hypercapnia and likely mediate the
biphasic changes in heart rate that occur during these cardiore-
spiratory challenges.'*!>

The goal of this study was to test whether similar brain stem
respiratory network pathways to those that drive activity in car-
diac vagal neurons can generate respiratory-related coupling in
RVLM bulbospinal neurons. This study also tested the hypoth-
esis that bulbospinal RVLM neurons alter their activity in
response to hypoxia/hypercapnia and tested whether synaptic
neurotransmission mediates these responses to this challenge.

Material and Methods

Experiments were performed on male Sprague Dawley rats (Hilltop
Lab Animals Inc, Scottdale, PA) housed in the George Washington
University animal care facility. All procedures were approved by the
George Washington University Institutional Animal Care and Use
Committee. Rats were maintained under standard conditions (12:12
hours light:dark cycle) with free access to food and water.

Pups at postnatal days 3 to 5 were anesthetized with hypothermia.
The upper thoracic spinal cord was exposed. The retrograde tracer
cholera toxin subunit B conjugated with an Alexa Fluor 555 (C22843;
Invitrogen, Carlsbad, CA) was bilaterally injected (50-60 nL per in-
jection; 1% in artificial cerebrospinal fluid) into the spinal cord =0.25
mm from the dorsal surface.'® After surgery, buprenorphine was ad-
ministered, and pups were monitored for 30 minutes and every 20
minutes thereafter until ambulatory.

After 2 to 4 days of recovery, the animals were overdosed with iso-
flurane and euthanized by cervical dislocation. Tissue was obtained
that preserved fictive respiratory activity, as described previously.”
Bulbospinal neurons were identified by the presence of the fluorescent
tracer and chosen based on their close proximity to C1 neurons in the
RVLM, as shown in Figure S1 in the online-only Data Supplement.'*!
To confirm the presence of catecholaminergic neurons, slices used for
electrophysiological recordings were stained for tyrosine hydroxylase
(Figure S1), as described previously.'®

Patch pipettes were filled with a solution at the pH of 7.3 consisting of
KCI (150 mmol/L), MgCl, (4 mmol/L), EGTA (10 mmol/L), Na-ATP (2
mmol/L), and HEPES (10 mmol/L) or K-gluconic acid (150 mmol/L),
HEPES (10 mmol/L), EGTA (10 mmol/L), MgCl, (1 mmol/L), and
CaCl, (1 mmol/L) to isolate for inhibitory or excitatory currents, respec-
tively. Identified bulbospinal RVLM neurons were voltage clamped at a
holding potential of =80 mV. To confirm that synaptic changes were rel-
evant to spontaneous firing frequencies, in a separate set of experiments,
identified neurons were recorded in current-clamp configuration with no
current injection using the K-gluconic acid solution.

Rhythmic inspiratory-related hypoglossal activity and spontaneous
synaptic events in bulbospinal RVLM neurons were recorded simultane-
ously for 2 to 4 minutes of baseline (preperiod) in artificial cerebrospinal
fluid equilibrated with 95% O,+5% CO,. Slices were then perfused with
hypoxic/hypercapnic artificial cerebrospinal fluid that was equilibrated
with 85% N,+6% O,+9% CO, for 10 minutes and maintained at the pH
of 7.10. After 10 minutes, the perfusate was switched back to the control
bath for a recovery period (postperiod) of 20 minutes. Only 1 experi-
ment was conducted per slice, and 1 slice was generated per animal.

All drugs were applied using a pneumatic picopump pressure de-
livery system (WPI, Sarasota, FL). Drugs used included gabazine
(25 umol/L) to block y-aminobutyric acid (GABA)-ergic neurotrans-
mission, strychnine (1 umol/L) to block glycinergic neurotransmis-
sion, and D(-)-2amino-5-phosphopentanoic acid (50 pmol/L) and
6-cyano-7-nitroquinoxaline-2,3-dione (50 pmol/L) to block N-methyl-
D-asparate and non-N-methyl-D-asparate glutamatergic neurotrans-
mission. All drugs were from Sigma-Aldrich (St. Louis, MO).

To determine whether bulbospinal neurons demonstrate respiratory
patterning during fictive inspiration, the number of synaptic events
and action potential firing in bulbospinal RVLM neurons were di-
vided by the duration of the inspiratory-related burst to determine
frequency. Before and after each fictive inspiratory-related burst,

5 seconds of data were binned into 1-second averages. Data were av-
eraged from all bursts during the last 2 minutes of preperiod, the first
2 minutes, minutes 4 to 5, and the last 2 minutes of hypoxia/hyper-
capnia, as well as the last 2 minutes recorded during the postperiod.

To determine the overall effect of hypoxia/hypercapnia, the aver-
age frequency of synaptic events and action potential firing frequency
were binned together during the preperiod and compared with each
1-minute bin throughout the 10-minute hypoxia/hypercapnia expo-
sure and a 2-minute bin during postperiod.

MiniAnalysis (Synaptosoft version 4.3.1) was used to analyze
experimental traces. Data are represented by mean+SEM. Repeated-
measures 2-way ANOVAs were used to determine statistical signifi-
cance for inspiratory-like activity. Bonferroni post hoc tests were used
to determine statistically significant differences (P<0.05). Student
t tests were used to determine the effect of inhibitory blockade on
spontaneous firing frequencies. Repeated-measures 1-way ANOVAs
were used to determine statistical significance for the overall effect
of hypoxia/hypercapnia. Tukeys multiple comparisons post hoc were
used when appropriate to determine statistically significant differ-
ences (P<0.05).

Results

Bulbospinal neurons retrogradely labeled from the spinal cord
were localized to a discrete region of the RVLM. Colocalization
of these neurons with tyrosine hydroxylase, as shown in Figure
S1, illustrates that these neurons are located in the C1 region,
and most, but not all, of the bulbospinal neurons are tyrosine
hydroxylase positive, consistent with the work of others.!®!?
Recordings were limited to those bulbospinal neurons in this
discrete, spatially limited region of the RVLM.

RVLM Bulbospinal Neurons Did Not Receive
Inspiratory-Related Synaptic Neurotransmission
but Hypoxia/Hypercapnia Decreased Inhibitory
Neurotransmission

Although bulbospinal RVLM neurons received spontaneous
GABAergic, glycinergic, and glutamatergic synaptic events,
none of the synaptic inputs in bulbospinal RVLM neurons (glu-
tamatergic [n=7], GABAergic [n=7], or glycinergic [n=7]) pos-
sessed any significant inspiratory-related activity (Figure 1).
Additionally, during hypoxic/hypercapnic challenge, no sig-
nificant respiratory-related synaptic input to bulbospinal
neurons was observed, regardless of the neurotransmitter (glu-
tamatergic, GABAergic, or glycinergic).

Examination of synaptic inputs for the duration of
the hypoxic/hypercapnic exposure revealed a significant
decrease in the frequency of inhibitory (Figure 2), but not
excitatory, neurotransmission. Glutamatergic inputs to bul-
bospinal neurons of the RVLM did not change at any time
during hypoxia/hypercapnia in either frequency (P=0.9) or
amplitude (P=0.2). However, inhibitory postsynaptic currents
(IPSCs) were selectively diminished, and the time courses
of the evoked changes in GABAergic and glycinergic neu-
rotransmission were different. More specifically, hypoxia/
hypercapnia significantly (P<0.05) depressed GABAergic
neurotransmission to bulbospinal RVLM neurons at the 10th
minute of exposure (1.0+0.3 Hz) when compared with prepe-
riod conditions (2.7+0.8 Hz), but amplitude was unchanged
at any time during the exposure (P=0.3).

Glycinergic neurotransmission to bulbospinal RVLM neu-
rons was also depressed by hypoxia/hypercapnia; however,
this decrease occurred sooner than the changes in GABAergic
input (n=6; Figure 2, bottom trace). Unlike GABAergic
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IPCSs, glycinergic IPSC frequency was significantly (P<0.05)
decreased by more than half compared with preperiod condi-
tions (1.0+£0.3 versus 2.2+0.4 Hz, respectively) by the fifth
minute of hypoxia/hypercapnia. Glycinergic IPSC frequency
remained significantly attenuated for the remainder of the
hypoxic/hypercapnic exposure, and by minute 10 the mean
glycinergic IPSC frequency was 0.5+0.2 Hz. Glycinergic IPSC
amplitude was not altered after hypoxia/hypercapnia (P>0.3).
Both glycinergic and GABAergic IPSCs recovered during the
postperiod and were not significantly different from preperiod
levels (P>0.05).

Two Populations of RVLM Bulbospinal Neurons
Were Distinguished by Firing Patterns but Neither
Possessed Inspiratory-Like Modulation of Firing
Previous works from other groups have identified 2 popula-
tions of bulbospinal neurons within the RVLM distinguished
by their bimodal spontaneous firing rates.”” Consistent with
previous work, we identified a fast-firing group with an aver-
age firing rate of 6.5£0.4 (n=12) and a separate slow-firing
group that discharged at 2.8+0.2 Hz (n=14). On the basis of
previous results from this study showing that synaptic neuro-
transmission to these neurons is not inspiratory related, it was
not surprising that neither slow (n=16) nor fast-firing (n=10)
bulbospinal RVLM neurons possessed any significant inspi-
ratory-related changes in action potential firing (Figure S2).
The challenge of hypoxia/hypercapnia also did not evoke any
inspiratory-related firing in either the slow (n=7) or the fast
(n=6) populations of RVLM neurons.
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Figure 1. Rostral ventral lateral medulla
(RVLM) bulbospinal neurons not
demonstrate spontaneous inspiratory-

like modulation in glutamatergic (n=7),
y-aminobutyric acid (GABA)-ergic (n=7),

or glycinergic (n=7) postsynaptic current
(PSC) frequencies during normoxic
conditions. Inspiratory-like bursting activity
was recorded from the hypoglossal nerve
recording (XII) rootlet and electronically
integrated integrated hypoglossal nerve
recording (/XIl). Labeled RVLM neurons
were patch clamped in the whole-

cell configuration, and glutamatergic,
GABAergic, and glycinergic PSCs were
individually isolated and recorded. Arrows
indicate where inspiratory-like bursts occur.

Time(s)

Hypoxia/Hypercapnia Alters the Spontaneous
Firing Rates of RVLM Bulbospinal Neurons
Hypoxia/hypercapnia elicited divergent responses in these 2
subpopulations of bulbospinal RVLM neurons (Figure 3). The
slow-firing bulbospinal neurons (n=7) significantly increased
their firing rates only at the fifth minute (4.8+0.9 Hz) and the
10th minute (4.9+1.0) of exposure to hypoxia/hypercapnia.
Unlike synaptic IPSCs, the firing frequency in slowly firing neu-
rons did not return to preperiod conditions but rather stayed sig-
nificantly elevated during postperiod conditions compared with
preperiod (2.8+0.3 versus 5.0+0.9 Hz, respectively; P<0.05).
Similar to the slow-firing neurons, the fast-firing bulbospinal
neurons demonstrated no significant difference in firing at the
beginning of hypoxia/hypercapnia. However, unlike their slow-
firing counterparts, the firing rate in the fast-firing neurons was
significantly depressed by the 10th minute of hypoxia/hyper-
capnia (4.8+1.1 versus 7.4+0.9 Hz, respectively). During post-
period, fast-firing neurons were not significantly different from
preperiod baseline conditions (P>0.05).

To test whether this response was dependent on hypoxia/
hypercapnia-evoked changes in inhibitory synaptic inputs
to these neurons, additional experiments were performed in
which each population of bulbospinal RVLM neurons was
exposed to hypoxia/hypercapnia, while GABAergic and gly-
cinergic neurotransmission was blocked by the presence of
gabazine and strychnine, respectively (Figure 4). As previ-
ously demonstrated,'® application of gabazine and strychnine
did not significantly increase the baseline firing frequency of
either fast (6.5+0.4 versus 6.8+1.3 Hz; P=0.71) or slow RVLM
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Figure 2. During hypoxia/hypercapnia, spontaneous inhibitory postsynaptic current (IPSC) frequencies were decreased in rostral ventral
lateral medulla (RVLM) bulbospinal neurons. y-Aminobutyric acid (GABA)-ergic frequencies (n=7) became significantly depressed from
control (preperiod) conditions only by the 10th minute of hypoxia/hypercapnia (top panel; P<0.05). Glycinergic frequencies (n=7) became
significantly lower from preperiod at the fifth minute, and this depression was maintained through the 10th minute of hypoxia/hypercapnia

(top panel; P<0.05). * Significant differences (P<0.05) from preperiod.

neurons (2.7+1.0 versus 3.5+0.7 Hz; P=0.22); however, the
hypoxia-/hypercapnia-evoked increase in firing frequency in
slow-firing bulbospinal neurons was prevented by blocking
inhibitory neurotransmission (Figure 4; P>0.05).

Discussion
There are 4 major conclusions from this study. First, RVLM
bulbospinal neurons, recorded in an in vitro brain stem slice,
do not possess inspiratory-like patterns of spontaneous firing or
synaptic inputs unlike other cardiovascular neurons within this
preparation. Second, hypoxia/hypercapnia reversibly depressed
the frequency of inhibitory glycinergic and GABAergic neuro-
transmission to bulbospinal RVLM neurons; and the changes in
glycinergic IPSCs occurred before the changes in GABAergic
neurotransmission. Third, slow-firing RVLM bulbospinal neu-
rons increased their firing activity in response to hypoxia/hyper-
capnia, which was dependent on the depression of inhibitory

Hypoxia/Hypercapnia

neurotransmission. Fourth, hypoxia/hypercapnia decreased the
activity of fast-firing bulbospinal neurons, and this depression
was independent of changes in synaptic neurotransmission.
Surprisingly, the results of this study failed to identify
inspiratory-like coupling within the bulbospinal neurons of
the RVLM in vitro. We, therefore, suggest that sympathetic-
respiratory coupling is mediated by the following: (1) periph-
eral mechanisms related to pulmonary stretch receptors, (2)
higher brain centers not contained within our in vitro prepara-
tion, and (3) medullary centers not active in this neonatal slice
of tissue with fictive respiratory bursting activity. Pulmonary
stretch receptors have been shown to modulate respiratory-
related brain stem regions, and neurons in the pons are thought
to play an important role in respiration, particularly postin-
spiratory activity.?’ Indeed, previous work has shown transec-
tion of the pontomedullary region significantly attenuated the
respiratory modulation of sympathetic discharge.?! Possible
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Figure 3. Rostral ventral lateral medulla (RVLM) bulbospinal neurons demonstrated opposing responses to hypoxia/hypercapnia
depending on their spontaneous action potential (AP) frequencies. Slow-firing RVLM neurons (n=7) significantly increased AP frequencies
at the fifth and 10th minutes of hypoxia/hypercapnia (top panel; P<0.05), whereas the fast-firing subtype (n=6) significantly decreased their
AP frequencies only at the 10th minute of hypoxia/hypercapnia (bottom panel; P<0.05). *Significant differences (P<0.05) from preperiod.
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Figure 4. The increase in spontaneous action potential (AP) frequencies during hypoxia/hypercapnia seen in slow-firing rostral ventral
lateral medulla (RVLM) bulbospinal neurons (n=7) was attenuated by inhibitory neurotransmission blockade. After focal application

of gabazine and strychnine to block inhibitory neurotransmission, slow-firing RVLM neurons (n=7) did not significantly increase AP
frequencies at any time during hypoxia/hypercapnia (top panel; P<0.05) compared with the control period (preperiod); additionally, in the
fast-firing subtype (n=6) no changes in AP frequency were seen during hypoxia’/hypercapnia in the presence of gabazine and strychnine

(bottom panel; P>0.05).

pontine structures involved include the Kolliker-Fuse, which
sends glutamatergic projections to RVLM neurons* and are
known to regulate breathing,*** and the parabrachial nucleus,
which has been shown to regulate sympathetic-respiratory
coupling.® It is unlikely the lack of coupling in this study was
age dependent, because sympathetic-respiratory coupling has
been shown in rats in this age range.?*?’

The present study did, however, demonstrate that hypoxia/
hypercapnia evokes a significant increase in the firing activ-
ity of a subpopulation of RVLM bulbospinal neurons. The
increase in firing of presympathetic RVLM neurons would
mediate an increase in blood pressure, and, as predicted,
hypercapnic hypoxia increases blood pressure.” This pressor
response after chemoreceptor activation is related to eleva-
tions in both renal and cardiac sympathetic nerve activity,”
which is consistent with an increase in the activity of RVLM
neurons in vivo® and during shorter durations of exposure in
vitro.'”> However, unlike previous reports using short expo-
sures (40 s), the increase in firing frequency in this study was
maintained during the postperiod, which may be responsible
for the elevated sympathetic tone seen during chronic diseases
associated with hypoxia/hypercapnia, such as sleep apnea.*!

In contrast, the activity of fast-firing neurons decreased their
firing during hypoxia/hypercapnia. Opposing responses from
these 2 subsets of RVLM bulbospinal neurons have been previ-
ously demonstrated. For example, RVLM neurons were either
depolarized or hyperpolarized after the induction of hypoxia.*
Application of angiotensin II modulated the firing rate of slow
firing, but not fast firing, RVLM neurons." Although further
studies using both in vitro and in vivo techniques are needed to
determine the role of these subtypes in the overall generation
of vasomotor output, the current results suggest that slowly
firing, but not fast firing, RVLM bulbospinal neurons play a
significant role in the initiation and sustained increase in vaso-
motor activity during chemoreflex activation.

Our data indicate the increase in firing that occurs in slow-
firing neurons in response to hypoxia/hypercapnia is caused
by the hypoxia/hypercapnia elicited reduction in inhibitory

neurotransmission to these neurons, that is, the increase in fir-
ing is attributed to disinhibition via the withdrawal of inhibitory
inputs. When this inhibitory neurotransmission was blocked,
the increase in firing no longer occurred. The significant role of
decreased inhibitory neurotransmission in the activation of pre-
sympathetic neurons during hypoxia/hypercapnia is supported by
previous work demonstrating that glutamate blockade does not
attenuate the central sympathetic chemoreflex.®* Additionally,
the presence of high H* concentrations significantly reduced
exogenously applied GABA and glycine signaling in bulbospi-
nal RVLM neurons.* The time course of the changes (5-10 min-
utes) in the present study suggests an activation of long latency
cellular signals, such as oxidative stress, that may serve as the
initial trigger for this disinhibition. Reactive oxygen species gen-
erated in the RVLM can increase blood pressure® and attenuate
GABAergic neurotransmission to the RVLM.*® In addition, the
increase in firing frequency lasted well after the synaptic inputs
had returned to baseline conditions, suggesting that the altered
synaptic signal may also change long-lasting cellular signaling
pathways. Because the response of presympathetic neurons in
the RVLLM to cyanide application is dependent on calcium,” it is
interesting to speculate that altered Ca**-dependent intracellular
signaling events could play a role in these longer-term changes,
and challenges, such as hypoxia, may alter the types and density
of receptors expressed on these neurons, providing long-lasting
changes that act to sustain a response.

The lack of inspiratory-like activity, but robust response to
hypoxia/hypercapnia in the present study, reinforces the pro-
posed parallel pathway theory of sympathetic reflex control.
Previous studies demonstrated a similar discoupling of central
respiratory modulation and the chemoreflex in vivo by micro-
injecting muscimol into the pre-Botzinger complex, which
eliminated respiratory oscillations in sympathetic discharge
but did not change the sympathetic response to chemoreceptor
stimulation.*® Taken together, this study and previous studies
suggest that there are 2 divergent pathways to drive RVLM
bulbospinal neurons that maintain respiratory coupling and
regulate chemosensation independent of respiratory phase/
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pattern. Moreover, the respiratory-independent modulation
of the RVLM during central chemosensitive stimuli is prob-
ably mediated through inhibitory neurotransmission, because
no change was seen in glutamate activity during hypoxia/
hypercapnia, which is consistent with previous research dem-
onstrating that glutamate blockade does not attenuate the cen-
trally mediated sympathetic chemoreflex.*

The source(s) of inhibitory neurotransmission to RVLM neu-
rons is unknown. It is possible that inhibitory neurons within
the caudal ventral lateral medulla that receive significant inspi-
ratory modulation themselves are part of the disinhibition seen
in the present study.* In addition, the nucleus of the solitary
tract may be responsible for respiratory-independent activa-
tion of bulbospinal neurons. Both the nucleus of the solitary
tract and caudal ventral lateral medulla contain an extensive
network of interneurons*' and send robust projections to the
RVLM.#* Because at least a large number of neurons within
the nucleus of the solitary tract with peripheral chemoreceptor
inputs do not demonstrate central respiratory modulation,* the
nucleus of the solitary tract may also play an important role in
the parallel pathway for RVLM activation. Therefore, future
investigations are needed to examine the key nuclei respon-
sible for the disinhibition and subsequent increase in firing fre-
quency from the slow-firing RVLM neurons.

In the present study, glycine was significantly decreased
during hypoxic/hypercapnic exposure 5 minutes before any
significant changes in GABAergic IPSC frequency. This
decline was temporally associated with the first significant
increase in firing frequency in slow-firing RVLM neurons,
suggesting that the disinhibition of glycinergic neurotransmis-
sion was responsible for the initial increase in RVLM activity
evoked by hypoxia/hypercapnia. The subsequent decline in
GABAergic IPSC frequency was temporally matched with the
second increase in action potential generation at 10 minutes.
This suggests that these 2 neurotransmitters are controlled by
different populations of neurons. For example, perhaps the
majority of GABAergic activity comes from projections origi-
nating within the caudal ventral lateral medulla, whereas gly-
cinergic inputs are largely from another brain region. Indeed,
glycinergic neurotransmission dictates a significant com-
ponent of respiratory motor output,”#® and previous studies
have demonstrated that glycinergic blockade application com-
pletely abolishes respiratory bursting, whereas antagonizing
GABA only attenuates the amplitude.*” Therefore, given their
importance in overall respiratory function, it is possible that
the glycinergic projections to slow-firing RVLM neurons are
more sensitive to hypoxia/hypercapnia. In addition, although
previous studies suggest that caudal ventral lateral medulla
stimulation results in the activation of both GABAergic and
glycinergic receptors in the RVLM, the pathways mediating
the release of these neurotransmitters may be a direct con-
nection for GABA but indirect for glycine.*® The different
time courses of glycinergic and GABAergic withdraw may
be explained by different pathways to the RVLM that are
modulated differential by hypoxia/hypercapnia. Therefore,
if the pathway attenuating glycinergic activity is more sen-
sitive to central chemosensation stimuli, than as seen in the
present study, glycinergic neurotransmission would begin to
decrease before GABA. Overall, these different sensitivities

are probably dictated by either intrinsic sensitivity or different
overall pathways where glycinergic neurons are modulated
more quickly by central chemosensation.

The present study is one of the first to find that glycine is
likely partly responsible for the increase in RVLM activity
evoked by hypoxia/hypercapnia. Similar to the present study,
the application of the glycinergic antagonist, strychnine, did
not elicit a significant change in baseline firing frequency
in RVLM vasomotor neurons.'® However, RVLM neurons
responsible for cardiovascular regulation have been shown
to have glycinergic receptors®® that are likely involved in the
vasoconstrictor responses to carotid body occlusion.*

Perspectives

In summary, sympathetic-respiratory coupling is not likely
mediated by a medullary mechanism active in the present slice
preparation but rather is generated by peripheral afferents, a
pontine network connection and a brain stem region not active
in this preparation. However, RVLM bulbospinal neurons
with spontaneous low-firing activity increase their firing in
response to hypoxia/hypercapnia and likely play a role in the
central chemosensitive activation of vasomotor activity. This
increase in frequency is caused by reductions in inhibitory
neurotransmission. It is possible that the increase in the sym-
pathetic tone that occurs with prolonged hypoxia/hypercapnia,
as seen with diseases such as sleep apnea, may be related to
increased spontaneous activity of slow-firing neurons elicited,
at least in part, by diminished inhibitory neurotransmission.

Sources of Funding
This article was supported by National Institutes of Health grants
HL49965, HL59895, and HL72006 to D Mendelowitz.

Disclosures
None.

References

1. Malpas SC. The rhythmicity of sympathetic nerve activity. Prog
Neurobiol. 1998;56:65-96.

2. McAllen RM. Central respiratory modulation of subretrofacial bulbospi-
nal neurones in the cat. J Physiol (Lond). 1987;388:533-545.

3. Hibler HJ, Jianig W. Coordination of sympathetic and respiratory systems:
neurophysiological experiments. Clin Exp Hypertens. 1995;17:223-235.

4. Zoccal DB, Simms AE, Bonagamba LG, Braga VA, Pickering AE, Paton
JF, Machado BH. Increased sympathetic outflow in juvenile rats submit-
ted to chronic intermittent hypoxia correlates with enhanced expiratory
activity. J Physiol (Lond). 2008;586:3253-3265.

5. Seals DR, Suwarno NO, Joyner MJ, Iber C, Copeland JG, Dempsey JA.
Respiratory modulation of muscle sympathetic nerve activity in intact and
lung denervated humans. Circ Res. 1993;72:440-454.

6. Huang WX, Yu Q, Cohen MI. Fast (3 Hz and 10 Hz) and slow (respira-
tory) rthythms in cervical sympathetic nerve and unit discharges of the cat.
J Physiol (Lond). 2000;523 (pt 2):459-477.

7. Barman SM, Gebber GL. Sympathetic nerve rhythm of brain stem origin.
Am J Physiol. 1980;239:R42-R47.

8. Haselton JR, Guyenet PG. Central respiratory modulation of medullary sym-
pathoexcitatory neurons in rat. Am J Physiol. 1989;256(3 pt 2):R739-R750.

9. Sun QJ, Minson J, Llewellyn-Smith 1J, Arnolda L, Chalmers J, Pilowsky
P. Botzinger neurons project towards bulbospinal neurons in the rostral
ventrolateral medulla of the rat. J Comp Neurol. 1997;388:23-31.

10. Ezure K. Synaptic connections between medullary respiratory neurons
and considerations on the genesis of respiratory rhythm. Prog Neurobiol.
1990;35:429-450.

11. Zoccal DB, Machado BH. Coupling between respiratory and sympathetic
activities as a novel mechanism underpinning neurogenic hypertension.
Curr Hypertens Rep. 2011;13:229-236.



6T0Z ‘2 AInc uo Aq Bio'sfeulnofeye//:dny wouy papeojumoq

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Boychuk et al

. Sun MK, Reis DJ. Central neural mechanisms mediating excitation of

sympathetic neurons by hypoxia. Prog Neurobiol. 1994;44:197-219.

. Neff RA, Wang J, Baxi S, Evans C, Mendelowitz D. Respiratory sinus

arrhythmia: endogenous activation of nicotinic receptors mediates respi-
ratory modulation of brainstem cardioinhibitory parasympathetic neu-
rons. Circ Res. 2003;93:565-572.

. Neff RA, Simmens SJ, Evans C, Mendelowitz D. Prenatal nicotine expo-

sure alters central cardiorespiratory responses to hypoxia in rats: implica-
tions for sudden infant death syndrome. J Neurosci. 2004;24:9261-9268.
Kamendi HW, Cheng Q, Dergacheva O, Gorini C, Jameson HS, Wang X,
Mclntosh JM, Mendelowitz D. Abolishment of serotonergic neurotrans-
mission to cardiac vagal neurons during and after hypoxia and hypercapnia
with prenatal nicotine exposure. J Neurophysiol. 2009;101:1141-1150.
LiYW, Bayliss DA, Guyenet PG. C1 neurons of neonatal rats: intrinsic beating prop-
erties and o 2-adrenergic receptors. Am J Physiol. 1995;269(6 pt 2):R1356-R1369.
Li YW, Guyenet PG. Activation of GABAB receptors increases a potas-
sium conductance in rat bulbospinal neurons of the C1 area. Am J Physiol.
1996;271(5 pt 2):R1304-R1310.

. Boychuk CR, Bateman RJ, Philbin KE, Mendelowitz D. ol-adrenergic

receptors facilitate inhibitory neurotransmission to cardiac vagal neurons
in the nucleus ambiguus. Neuroscience. 2011;193:154-161.

Li YW, Guyenet PG. Neuronal excitation by angiotensin Il in the rostral ventro-
lateral medulla of the rat in vitro. Am J Physiol. 1995;268(1 pt 2):R272-R277.
Takakura AC, Moreira TS, West GH, Gwilt JM, Colombari E, Stornetta
RL, Guyenet PG. GABAergic pump cells of solitary tract nucleus innervate
retrotrapezoid nucleus chemoreceptors. J Neurophysiol. 2007;98:374-381.
Baekey DM, Dick TE, Paton JF. Pontomedullary transection attenu-
ates central respiratory modulation of sympathetic discharge, heart rate
and the baroreceptor reflex in the in situ rat preparation. Exp Physiol.
2008:93:803-816.

Len WB, Chan JY. Glutamatergic projection to RVLM mediates sup-
pression of reflex bradycardia by parabrachial nucleus. Am J Physiol.
1999;276(5 pt 2):H1482-H1492.

Dutschmann M, Morschel M, Rybak IA, Dick TE. Learning to breathe:
control of the inspiratory-expiratory phase transition shifts from sensory-
to central-dominated during postnatal development in rats. J Physiol
(Lond). 2009;587(pt 20):4931-4948.

Dutschmann M, Herbert H. The Kolliker-Fuse nucleus gates the postinspi-
ratory phase of the respiratory cycle to control inspiratory off-switch and
upper airway resistance in rat. Eur J Neurosci. 2006;24:1071-1084.
Koshiya N, Guyenet PG. Role of the pons in the carotid sympathetic che-
moreflex. Am J Physiol. 1994;267(2 pt 2):R508-R518.

Su CK. Rhythmic sympathetic nerve discharges in an in vitro neo-
natal rat brain stem-spinal cord preparation. J Appl Physiol.
1999;87:1066-1074.

Simms AE, Paton JF, Pickering AE, Allen AM. Amplified respiratory-
sympathetic coupling in the spontaneously hypertensive rat: does it con-
tribute to hypertension? J Physiol (Lond). 2009;587(pt 3):597-610.
Walker BR, Brizzee BL. Cardiovascular responses to hypoxia and hyper-
capnia in barodenervated rats. J Appl Physiol. 1990;68:678-686.

Fukuda Y, Sato A, Suzuki A, Trzebski A. Autonomic nerve and cardiovas-
cular responses to changing blood oxygen and carbon dioxide levels in the
rat. J Auton Nerv Syst. 1989;28:61-74.

Seller H, Konig S, Czachurski J. Chemosensitivity of sympathoexcitatory
neurones in the rostroventrolateral medulla of the cat. Pflugers Arch.
1990;416:735-741.

Modulation of RVLM Neurons by Respiratory Stimuli

31.

32.

33.

34.

35.

36.

37.
38.
30.
40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

1497

Somers VK, Dyken ME, Clary MP, Abboud FM. Sympathetic neural
mechanisms in obstructive sleep apnea. J Clin Invest. 1995;96:1897-1904.
Mazza E Jr, Edelman NH, Neubauer JA. Hypoxic excitation in neurons
cultured from the rostral ventrolateral medulla of the neonatal rat. J Appl
Physiol. 2000;88:2319-2329.

Moreira TS, Takakura AC, Colombari E, Guyenet PG. Central chemore-
ceptors and sympathetic vasomotor outflow. J Physiol (Lond). 2006;577(pt
1):369-386.

Sun MK, Reis DJ. Extracellular H+ iontophoresis modifies responses to
y-aminobutyric acid and cyanide of reticulospinal vasomotor neurons in
rats. Eur J Pharmacol. 1993;236:305-313.

Kimura Y, Hirooka Y, Sagara Y, Ito K, Kishi T, Shimokawa H, Takeshita
A, Sunagawa K. Overexpression of inducible nitric oxide synthase in ros-
tral ventrolateral medulla causes hypertension and sympathoexcitation via
an increase in oxidative stress. Circ Res. 2005;96:252-260.

Nishihara M, Hirooka Y, Matsukawa R, Kishi T, Sunagawa K. Oxidative
stress in the rostral ventrolateral medulla modulates excitatory and
inhibitory inputs in spontaneously hypertensive rats. J Hypertens.
2012;30:97-106.

Sun MK, Jeske IT, Reis DJ. Cyanide excites medullary sympathoexcit-
atory neurons in rats. Am J Physiol. 1992;262(2 pt 2):R182-R189.
Guyenet PG, Koshiya N. Working model of the sympathetic chemoreflex
in rats. Clin Exp Hypertens. 1995;17:167-179.

Koshiya N, Guyenet PG. Tonic sympathetic chemoreflex after blockade of respi-
ratory rthythmogenesis in the rat. J Physiol (Lond). 1996;491(pt 3):859-869.
Llewellyn-Smith 1J, Verberne AJM. Central Regulation of Autonomic
Functions. 2nd ed. New York: Oxford University Press; 2011.

Bailey TW, Appleyard SM, Jin YH, Andresen MC. Organization and
properties of GABAergic neurons in solitary tract nucleus (NTS).
J Neurophysiol. 2008;99:1712-1722.

Suzuki T, Takayama K, Miura M. Distribution and projection of the
medullary cardiovascular control neurons containing glutamate, glu-
tamic acid decarboxylase, tyrosine hydroxylase and phenylethanolamine
N-methyltransferase in rats. Neurosci Res. 1997;27:9-19.

Agarwal SK, Gelsema AJ, Calaresu FR. Neurons in rostral VLM are
inhibited by chemical stimulation of caudal VLM in rats. Am J Physiol.
1989;257(2 pt 2):R265-R270.

Mifflin SW. Absence of respiration modulation of carotid sinus nerve
inputs to nucleus tractus solitarius neurons receiving arterial chemorecep-
tor inputs. J Auton Nerv Syst. 1993;42:191-199.

Paton JE Richter DW. Role of fast inhibitory synaptic mechanisms in respira-
tory rhythm generation in the maturing mouse. J Physiol (Lond). 1995:484 (pt
2):505-521.

Shao XM, Feldman JL. Respiratory rhythm generation and synaptic
inhibition of expiratory neurons in pre-Botzinger complex: differential
roles of glycinergic and GABAergic neural transmission. J Neurophysiol.
1997;77:1853-1860.

Nishimaru H, lizuka M, Ozaki S, Kudo N. Spontaneous motoneuronal
activity mediated by glycine and GABA in the spinal cord of rat fetuses in
vitro. J Physiol (Lond). 1996;497 (pt 1):131-143.

Heesch CM, Laiprasert JD, Kvochina L. RVLM glycine receptors mediate
GABAA and GABAB-independent sympathoinhibition from CVLM in
rats. Brain Res. 2006;1125:46-59.

Wennergren G, Oberg B. Cardiovascular effects elicited from the ven-
tral surface of medulla oblongata in the cat. Pflugers Arch. 1980;387:
189-195.

Novelty and Significance

What Is New?
Hypoxia’hypercapnia increased firing in slow rostral ventral lateral medulla
neurons even after reoxygenation.
Inhibitory receptor antagonists abolished this increase.

What Is Relevant?

Hypoxia’hypercapnia may be related to increased sympathetic drive during
hypertension.

Because the rostral ventral lateral medulla generates sympathetic drive,
this study provides a mechanism for the maintenance of elevated activity.

« Hypoxia/hypercapnia increased the spontaneous firing of slow-fir-
ing rostral ventral lateral medulla neurons, which are dependent on
reduced inhibitory neurotransmission. It is possible that increased
sympathetic tone after hypoxia/hypercapnia, as seen with sleep
apnea, is related to this increased activity elicited by diminished
inhibitory neurotransmission to slow-firing neurons.

Summary




