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Many prevalent human conditions, including chronic pulmonary disease,
sleep apnea, and obesity, are characterized by concomitant changes in respiratory
and cardiovascular function. Mounting evidence suggests the hypertension that
presents in many of these patients is attributable to a chronic elevation in
sympathetic nerve activity to the vasculature that may be related to changes in
central respiratory drive. The neural network that regulates central respiratory drive
provides a significant input to the neural network that promotes sympathetic
vasomotor tone, as evident by respiratory-related activity in peripheral sympathetic
nerves. Changes in central respiratory drive are known to cause changes in arterial
pressure via changes in sympathetic nerve activity, but the neural circuitry that
connects these systems is not known. We hypothesized that neurons within the
caudal ventrolateral medulla (CVLM), in addition to their well established role
conferring homeostatic changes in sympathetic nerve activity during acute changes
in arterial pressure, have an underappreciated role in the promotion of respiratoryrelated activity in the sympathetic nerves that control cardiovascular function. The
principal findings from specific aims designed to investigate this hyp.othesis are: 1)
glutamatergic inputs to the CVLM are enhanced under conditions of elevated central
respiratory drive, 2) CVLM neurons have distinct patterns of respiratory modulated
activity that are not dependent upon cardiovascular-related inputs, 3) CVLM neurons

resp~nd to hypoxia in a way that may support hypoxia-induced, respiratory-related
changes in sympathetic nerve activity, and 4) glutamatergic and GABAergic inputs to

the CVLM, most likely of respiratory origin, modulate the magnitude of the
sympathetic response to hypoxia. These data are the first to implicate the CVLM as
a primary site for cardio-respiratory integration and further suggest these neurons
participate in the complex physiological responses to acute hypoxia.
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I. INTRODUCTION
I.A. Statement of the problem and specific aims of the overall project.
The brain stem regulates cardiovascular function by modulating the activity of
sympathetic nerves that innervate the peripheral vasculature to ensure sufficient
blood flow to vital organs. The core brain stem circuitry that acutely regulates this
SNA, known as sympathetic vasomotor tone, includes the NTS, the CVLM, and the
RVLM. The NTS receives afferent sensory projections from the periphery and
provides a tonic excitatory projection to the CVLM. The CVLM contains GABAergic
neurons that are driven by the NTS and sends an inhibitory projection to the RVLM.
Neurons in the RVLM project to the spinal cord and drive the activity of peripheral
sympathetic vasomotor nerves (Fig. 1; Blessing, 1988).

~Arterial Pressure~
Baroreceptors.

Respiratory Neurons

Syrrpathetic Vc!somotor Nerves

~NTS~c!---IFMM/
__.. Excitatory projection

'
---4 Inhibitory
projection

-c>

Proposed projection

Fig. 1. Schematic suggesting central respiratory neurons impact CVLM neurons to
influence AP.

As evident by respiratory-related patterns of activity in peripheral sympathetic
nerves, central respiratory drive also provides a significant input to the neural
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network that promotes SNA. However, the central circuitry connecting the neurons
that generate central respiratory drive and neurons that generate sympathetic
vasomotor tone is not known.
Experimental evidence suggests that impaired CVLM function may contribute
to elevated SNA and AP by disinibition of RVLM neurons (Smith and Barron, 1990;
Fig. 2).
+Arterial Pressure

~~-~~~~~
Fig. 2. Diminished CVLM activity will increase RVLM activity and SNA, resulting in
elevated AP.

Thus, understanding the regulation of these inhibitory neurons in the CVLM will
provide valuable information about how the brain regulates SNA and AP in both
health and disease states. To date, the only established tonic excitatory input to the
CVLM is from the NTS, but in the chronic absence of NTS activity, blockade of
neuronal activity in the CVLM continues to increase AP (Schreihofer et a/. 2005). A
possible source of tonic NTS-independent drive to the CVLM is from central
respiratory neurons.
The generalized hypothesis driving this body of work is that central respiratorv
neurons regulate the CVLM neurons that tonically restrain the SNA that maintains
AP. In support of this hypothesis, selective lesion of the glutamatergic, NK-1
receptor-expressing, respiratory neurons in the pre-Botzinger complex, a nucleus
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providing a major output to central respiratory drive, reduces the ability of the CVLM
to decrease AP (Wang eta/. 2003). In addition, blockade of excitatory inputs to the
CVLM alters the respiratory-related activity of single RVLM neurons (Miyawaki eta/.
1996). Furthermore, blockade of neuronal activity within the CVLM abolishes the
respiratory-related changes in SNA produced by acute hypoxia (Koshiya and
Guyenet, 1996). The following specific aims directly examine the influence of
respiratory-related inputs to the CVLM on SNA and AP.

Aim 1: Determine whether the CVLM is activated by glutamatergic inputs
independent of baroreceptor activity and the NTS. Previous studies suggest CVLM
neurons are driven by excitatory inputs in the face of diminished baroreceptor inputs
to the brain or chronic removal of NTS activity (Gieorba & Blessing, 1992; Cravo &
Morrison, 2003; Schreihofer et al. 2005). These studies will determine whether
glutamatergic inputs to the CVLM continue to inhibit SNA after the activity of the
NTS is acutely reduced or eliminated. In addition, these studies will determine
whether elevating central respiratory drive enhances glutamatergic drive to the
CVLM.

Aim 2: Determine whether the central respiratorv cycle modulates the activity of
individual CVLM neurons. Recordings from single cardiovascular-related
GABAergic CVLM neurons will determine whether the activity of these neurons is
modulated in relation to the central respiratory cycle. These studies will determine
whether patterns of respiratory-related activity are related to those previously
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described in their putative target neurons in the RVLM and in peripheral sympathetic
nerves. This aim will also determine whether respiratory-related activity in CVLM
neurons occurs independent of excitatory drive from the arterial baroreceptors.

Aim 3: Determine whether CVLM neurons contribute to the respiratorv-related
changes in SNA during acute hypoxia. Acute exposure to hypoxia evokes increased
SNA that is both tonic and related to the central respiratory cycle. These studies will
evaluate whether inhalation of hypoxic air alters the activity of single CVLM neurons
and determine whether blockade of specific inputs to the CVLM affects the
sympathetic response to hypoxia.

I. B. Brief literature review and discussion of the rationale project.

1.8.1. Historical perspective
Exploration of the brain stem with stimulating electrodes (Wang & Ranson,
1939) demonstrated that stimulation of distinct medullary areas could increase or
decrease AP. Alexander (1946) later confirmed that the changes in AP evoked by
stimulation of the medulla are mediated by changes in sympathetic vasomotor tone.
Many studies in the second half of the 20th century were aimed at a better
understanding of how different nuclei in the brain stem interact with one another to
regulate SNA. Investigators utilized chemical compounds to selectively activate or
inhibit neuronal cell bodies and not fibers of passage, tracing studies to appreciate
the how various different subnuclei are connected to one another, and single neuron
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recordings from medullary neurons to determine the physiology of these neurons
both in vivo and in vitro.

1.8.2.

Neur~ms

in the RVLM drive SNA to the spinal cord.

Microinjection of the excitatory neurotransmitter L-glutamate into the
RVLM (Fig. 3) causes a dose-related increase in AP in the rat (Willette eta/. 1983;
Ross eta/. 1984a; Fig. 4), rabbit (Dampney eta/. 1985), cat (McAllen, 1986) and dog
(Dormer & Bedford, 1989). Inhibition of this same area by bilateral microinjection of
GABA or the GABAA agonist muscimol eliminates peripheral SNA and causes AP to
fall to levels similar to those observed after cervical spinal transection (-50mmHg)
(Willette eta/. 1983; Ross eta/. 1984a; Fig. 5). Antagonism of GABA receptors in
the region of the RVLM by microinjection of bicuculline promotes a dramatic
increase in AP and SNA, suggesting these neurons are tonically inhibited by GABA
(Schreihofer eta/. 2005). Anatomical studies in the rat (Ross eta/. 1984b) and cat
(Amend! et a/. 1978) show that neurons in the RVLM make monosynaptic
connections with the sympathetic preganglionic neurons in the intemediolateral
column of the spinal cord. Extracellular recordings from spinally-projecting RVLM
neurons demonstrate that these neurons are modulated by the AP pulse, with
decreased activity at systolic pressure and increased activity during diastolic
pressure, and these neurons are inhibited with elevated AP (Brown & Guyenet,
1985; Morrison et a/.1988). This activity in pre-sympathetic RVLM neurons mirrors
the activity of single cervical preganglionic fibers and whole peripheral sympathetic
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vasomotor nerves (Brown & Guyenet, 1985; McAllen eta/. 1994), suggesting that
neurons in the RVLM are the principal drivers of SNA from the medulla.
Many areas of the brain have confirmed axonal projections to the RVLM.
These areas include the Kolliker-Fuse nucleus in-the Pons, periaqueductal gray,
lateral hypothalamic area, paraventricluar hypothalamus, and the prefrontal cortex
(Dampney, 1994). However, the most prominent anatomical and functional
projections to the RVLM that have been shown to tonically influence of the activity
RVLM neurons come from neurons within the medulla, including neurons in the NTS
and the CVLM.

~-

, n .,w~•l

lot 1oo ftkl I..
sNA

<%>

SNA

(m~g)'"~
J.
60

10s

•

glutamate

o

~~

(m~g)150~I----:'--"!'----60-s50~

•

•

Muscimol (100 pmol in 100 nl)

(1 nmol in 100 nl}

Fig. 3. Location of
RVLM in a coronal rat
brain slice 12.24mm
caudal to bregma.

Fig. 4. Excitation of the
RVLM by microinjection
of the excitatory amino
acid glutamate increases
SNAandAP.

Fig. 5. Inhibition of the RVLM
by microinjectioh of the GABAA
agonist Muscimol eliminates
SNA and reduces AP to spinal
levels.

1.8.3. Neurons in the CVLM exert a tonic inhibitory influence on RVLM neurons
and SNA.
A major focus of our laboratory is to understand how neurons in the CVLM
influence RVLM activity, SNA, and AP. Whereas inputs to the RVLM have been
extensively explored by numerous laboratories, relatively little is known about inputs
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to the CVLM. Blessing and Reis (1982) observed that microinjection of L-glutamate
into the CVLM of rabbits significantly decreases SNA and consequently AP (see
Figs. 6 & 7). They also observed that microinjection of GABA or glycine into the
CVLMproduced decreases in SNA and AP, suggesting neurons in the CVLM have
tonic activity that restrains vasomotor tone. Furthermore, bilateral microinjection of
the long-acting GABAA agonist muscimol into the CVLM produces sustained
increases in SNA and AP in the rat (Fig. 8). Willette and colleagues (1984) found
that inhibition of the CVLM with muscimol does not have an effect on AP following
inhibition of the RVLM with muscimol, suggesting the effect of the CVLM on AP and
SNA is completely mediated via the RVLM. This serial microinjection study was also
performed in the reverse order- inhibition of the CVLM initially produced severe
hypertension, but subsequent inhibition of the RVLM caused AP to fall to levels seen
with spinal transection. These two early experiments provided the first convincing
evidence that the CVLM exerts its inhibitory influence on SNA by inhibition of RVLM
neuronal activity. Studies by Minson eta/. (1997) and Chan & Sawchenko (1998)
used a combination of retrograde tracers to find cell bodies with projections to the
RVLM and c-fos expression to detect cell bodies that are activated during a period of
sustained hypertension. These studies demonstrated a population of CVLM
neurons that project to the RVLM, are activated by an increase in AP, and use
GABA as a neurotransmitter.
Recordings from individual pre-sympathetic RVLM neurons during
manipulation of the CVLM further support the notion that neurons in the CVLM have
a tonic inhibitory influence on RVLM neurons. Microinjection of glutamate into the
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CVLM while recording from barosensitive, spinally-projecting RVLM neurons
inhibited the activity of over 90% of these RVLM neurons, while inhibition of the
CVLM by microinjection of GABA activated over 80% of these RVLM neurons in the
rat (Agarwal eta/. 1989). Similar results were observed in the rabbit (Li eta/. 1991 ).
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Fig. 6. Location of the
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1.8.4. The intermediate NTS regulates the activity of sympathetic vasomotor
nerves via an arterial baroreceptor-related, glutamatergic projection to the
CVLM.

Sensory neurons that originate from mechanoreceptors on the aortic arch and
common carotid artery, have activity that is dependent upon and modulated by
changes in AP. Viral tracing studies of baroreceptor afferent fibers from the aortic
depressor nerves in rabbit (Wallach & Loewy, 1980), rat (Ciriello, 1983), and cat
(Kalia & Welles, 1980) show that the principal projection of these nerves, which relay
sensory information about AP to the central nervous system, is to the intermediate
NTS.
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Single unit recordings from NTS neurons with monosynaptic inputs from the
aortic depressor nerve show that these neurons increase their activity when AP is
raised by infusion of phenylephrine (Zhang & Mifflin, 2000). Electrical stimulation of
this region in the NTS inhibits the activity of spinally projecting, pre-sympathetic
RVLMneurons (Agarwal eta/. 1990). However, blockade of glutamate receptors in
the CVLM eliminates the decrease in RVLM activity normally evoked by electrical
stimulation of the NTS (Agarwal eta/. 1990). This finding suggests that the
activation of NTS neurons, as occurs with increased AP, inhibits SNA by a
glutamatergic projection to inhibitory neurons in the CVLM that in turn decrease
RVLM neuronal activity.

1.8.5. The activity of the CVLM is influenced by excitatory inputs independent
of the NTS.
The only established tonic glutamatergic projection to the CVLM is via
baroreceptor-related inputs from the NTS. However, several studies provide indirect
evidence that that the activity of the CVLM is modulated by excitatory inputs
independent of NTS or baroreceptor activity. For example, Cravo & Morrison (2003)
demonstrated that acute denervation of the arterial baroreceptors does not block the
hypertension that follows CVLM lesions. In addition, Gieorba & Blessing (1992)
showed that inhibition of the rabbit CVLM with GABA continued to produce a doserelated increase in AP following cauterization of the NTS or inhibition of the NTS by
microinjection of muscimol. Furthermore, inhibition of glutamatergic inputs to the
CVLM by microinjection of the glutamate antagonist kynurenate produces a marked
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increase in AP in rats with chronic NTS lesions (Schreihofer eta/. 2005). Thus,
alternative glutamatergic inputs of unknown origin also drive the activity of CVLM
neurons.

1.8.6. Properties of CVLM neurons likely to influence the RVLM.
Several groups have recorded from neurons in the CVLM and discovered
neurons that 1) have increased activity with increased AP, 2) have spontaneous
activity synchronized to the cardiac cycle, 3) can be orthodromically activated by
stimulation of the baroreceptor afferent nerves, and 4) can be antidromically
activated from the RVLM (Jeske eta/. 1993; Agarwal & Calaresu, 1991; Terui et at.
1990). Further studies by Jeske (1995) have shown that CVLM neurons with these
properties make monosynaptic connections onto spinally-projecting RVLM neurons.
Using a juxtacellular labeling technique, Schreihofer & Guyenet (2003) later
demonstrated that these CVLM neurons express GAD67 mRNA, indicative of a
GABAergic phenotype. This dissertation focuses on the regulation of these bareactivated, pulse-modulated. GABAerqic CVLM neurons.
These CVLM neurons are tonically activated by glutamate (Guyenet eta/.
1987; Agarwal eta/. 1990; Blessing, 1997), and baroreceptor-related activity from
the NTS is an established source of glutamatergic drive to the CVLM (Gordon, 1987;
Blessing, 1997). However, many CVLM neurons have residual activity when AP is
decreased below the threshold for baroreceptor activity (Schreihofer & Guyenet,
2003), suggesting that baroreceptor independent inputs may promote the activity of
these neurons. Furthermore, inhibition of the NTS produces a smaller rise in AP
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than inhibition of glutamate in the CVLM, suggesting additional glutamatergic inputs
to the CVLM influence SNA (Guyenet eta/. 1987). We propose that some of the
baroreceptor-independent, glutamatergic drive to the CVLM may be of respiratorv
origin.

1.8.7. The activity of peripheral sympathetic nerves and neurons in the RVLM
is modulated in relation to the central respiratory cycle.
Respiratory-related activity in peripheral sympathetic nerves was first noted
by Adrian eta/. in 1932. Since then, patterns of respiratory-related activity have
been confirmed in the rat (Numao eta/. 1987; Guyenet eta/. 1990; Habler eta/.
1996; Miyawaki eta/. 1996), cat (Cohen & Gootman, 1970; Habler eta/. 1994),
rabbit (Adrian eta/. 1932; Terui eta/. 1986), dog (Okada & Fox, 1967), and human
(Eckberg, 2003). Various patterns of respiratory-related activity in sympathetic
nerves have been reported depending on the species evaluated, anesthesia used,
and nerve recorded (Czyzyk eta/. 1987; Habler eta/. 1994; Numao eta/. 1987;
Boczek-Funcke eta/. 1992a,b; Janig & Habler, 2003; Gilbey eta/. 1986; BoczekFuncke eta/. 1992a; Koshiya & Guyenet, 1995; Dick eta/. 2004 ). In our preparation
of the rat splanchnic sympathetic nerve under chloralose anesthesia, we consistently
see prominent inspiratory-related peaks in SNA.
Respiratory-related activity in SNA is known to make a significant contribution
to resting AP (Bachoo and Polosa, 1985), and changes in central respiratory drive
influence AP via the alterations in SNA (Pilowsky, 1995). In addition, the degree of
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respiratory-related activity in sympathetic nerves is positively correlated with the
strength of central respiratory drive (Wang eta/. 2001 ).
Respiratory-related activity is apparent in the pre-sympathetic RVLM neurons
that drive SNA (Haselton and Guyenet, 1989; McAllen, 1987). These respiratory
patterns in RVLM activity are reflective of the various patterns seen in whole
peripheral sympathetic nerves and within single preganglionic fibers (Preiss et al.,
1975; Cao & Morrison, 2001). The mechanism responsible for promoting
respiratory-related activity in RVLM neurons is not yet clear but may result from
direct inputs from the central respiratory neurons or via respiratory-related activity in
other inputs to the RVLM, such as the cardiovascular-related neurons in the CVLM.

1.8.8. The activity of the CVLM is influenced by respiratory inputs and may
promote the respiratory-related activity of RVLM neurons and peripheral
sympathetic nerves.

Many of the respiratory neurons located in the pre-Botzinger respiratory
nucleus are glutamatergic, have augmenting activity with a burst during inspiration,
and express NK-1 receptors (Sun eta/. 1998; Guyenet and Wang, 2001). The NK-1
receptor-expressing pre-Botzinger neurons have projections across the midline of
the medulla and modulate the activity of the contralateral pre-Botzinger complex to
promote uniform bilateral breathing (Wang eta/. 2001 ). Selective lesion of these
NK-1 receptor-expressing neurons in the pre-Botzinger complex reduces the
hypotension produced by microinjection of DLH into the CVLM (Wang eta/. 2003),
suggesting a possible interaction between this population of respiratory neurons and
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the GABAergic CVLM neurons that regulate sympathetic vasomotor tone. The
cardiovascular-related CVLM neurons are located slightly ventral to the preBotzinger neurons and do not express NK-1 receptors, but juxt13cellular labeling of
GABAergic CVLM neurons shows that the dendritic field of many GABAergic CVLM
neurons projects dorsally into the region of the pre-Botzinger complex (Schreihofer
and Guyenet, 2003).
Studies by Miyawaki eta/. (1996) showed that injection of the AMP A-receptor
antagonist CNQX into the CVLM influences the respiratory-related activity of single
RVLM neurons. Pre-sympathetic RVLM neurons with peak activity during inspiration
showed an exaggeration of inspiratory-related activity when CNQX was injected into
the CVLM. Similarly, RVLM neurons with a depression in activity during inspiration
had increased inspiratory activity when CNQX was injected into the CVLM. As
expected, CNQX microinjected into the CVLM also increases the magnitude of
inspiratory-related activity in peripheral SNA (Miyawaki eta/. 1996). Taken together,
blockade of AMPA receptors in the CVLM increases the activity of RVLM neurons
and SNA selectively during the inspiratory phase of the respiratory cycle.
Considering the inhibitory nature of GABAergic neurons in the CVLM, one
interpretation of these findings is that glutamate drives inspiratory-related CVLM
activity to dampen the inspiratory-related activity of RVLM neurons and SNA.
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1.8.9. Acute hypoxia results in an increase in the respiratory-related activity of
RVLM neurons and causes respiratory-related changes in SNA.
The peripheral chemoreceptors that sense the oxygen concentration of
arterial' blood are found bilaterally in the carotid body, and send axonal projections
through the same carotid sinus nerve that conveys baroreceptor-related information
to the NTS. These chemo-sensory neurons project specifically to the caudal portion
or commissural NTS (Finley & Katz, 1982) to neurons that are not modulated by
central respiratory drive or by baroreceptor inputs (Mifflin, 1993). Carotid sinus
denervation or inhibition of the caudal NTS eliminates the physiological responses to
stimulation of the chemoreceptors, suggesting the chemoreceptor reflex is initiated
peripherally and is dependent upon projections from the carotid sinus and caudal
NTS (Guyenet eta/. 1993; Vardahan eta/. 1993). The axonal projections of caudal
NTS neurons that receive chemoreceptor inputs are not clearly defined but diffusely
innervate much of the ponto-medullaryregion of the brain. It has been suggested
that many of these hypoxia-sensitive neurons in the caudal NTS project toward presympathetic neurons in the RVLM, (Koshiya & Guyenet, 1996).
Two distinct mechanisms are proposed to mediate the hypoxia-induced
increase in SNA: 1) a tonic increase in SNA that is unrelated to the central
respiratory cycle and 2) changes in SNA directly related to changes in the central
respiratory cycle (Dick eta/. 2004; Czyzyk-Kreska & Trzebski, 1990; Guyenet, 2000;
Guyenet & Koshiya, 1995). The respiratory-independent excitatory connection
between the caudal NTS and the RVLM is not entrained to the central respiratory
cycle and most likely is responsible for the tonic excitation of RVLM neurons during
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chemoreceptor stimulation (Mifflin, 1993; Koshiya & Guyenet, 1996). The
mechanism responsible for producing respiratory-related changes in RVLM and SNA
during hypoxia is not known.
Inhibition of neuronal activity in the CVLM or blockade of glutamatergic inputs
to the CVLM eliminates the respiratory-related oscillations but not the tonic excitation
of SNA during hypoxia (Koshiya & Guyenet, 1993). Furthermore, inhibition of CVLM
activity by microinjection of muscimol blocks hypoxia-induced periodic inhibition of
single RVLM neurons (Koshiya et al. 1993). Thus, the GABAergic neurons within
the CVLM that influence the activity of RVLM neurons are prime candidates for the
critical neurons responsible for producing the respiratory-related changes in SNA
during acute hypoxia.

1.8.10. Synopsis.
The regulation of SNA is quite complex, and the interaction of distinct areas in
the brain stem contributes to this process. The CVLM is an essential component of
the central circuitry that promotes homeostatic changes in SNA and is principally
thought to modulate SNA in relation to changes in AP via a GABAergic projection to
the RVLM. Currently, the only well established tonic input to the CVLM is from NTS
neurons that relay arterial baroreceptor-related activity.
SNA is also greatly affected by the respiratory state of the animal, but the
mechanisms responsible for promoting respiratory activity in sympathetic nerves is
unknown. Indirect evidence from previous work suggests that GABAergic CVLM
with cardiovascular-related activity may also act as key players in central cardia-
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respiratory integration. The hypothesis driving this body of work is that CVLM
neurons are influenced by respiratory activity and promote respiratory rhythms in
RVLM neurons and sympathetic nerves under normoxic and hypoxic conditions.
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ABSTRACT
GABAergic neurons in the caudal ventrolateral medulla (CVLMY are driven by
baroreceptor inputs relayed via the nucleus tractus solitarius (NTS), and they inhibit
neurons in rostral ventrolateral medulla to reduce SNA and AP. After arterial
baroreceptor denervation or lesions of the NTS, inhibition of the CVLM continues to
increase AP, suggesting additional inputs also tonically activate the CVLM. This
study examined whether the NTS contributes to baroreceptor-independent drive to
the CVLM, and whether glutamate promotes baroreceptor- and NTS-independent
activation of the CVLM to tonically reduce SNA. In addition, we evaluated whether
altering central respiratory drive, a baroreceptor-independent regulator of CVLM
neurons, influences glutamatergic inputs to the CVLM. Splanchnic SNA and AP
were measured in chloralose-anesthetized, ventilated, paralyzed rats. Infusion of
nitroprusside decreased AP below threshold for baroreceptor afferent firing (<50
mmHg) and increased SNA to 209 ± 22% (P < 0.05), but subsequent inhibition of the
NTS by microinjection of the GABAA agonist muscimol did not further increase SNA.
In contrast, after inhibition of the NTS, blockade of glutamatergic inputs to CVLM by
microinjection of kynurenate increased SNA (274 ±54%, P < 0.05,

n = 7). In

vagotomized rats with baroreceptors unloaded, inhibition of glutamatergic inputs to
CVLM evoked a larger rise in SNA when central respiratory drive was increased
(219 ± 16% vs. 271 ± 17%, n

=5, P < 0.05).

These data suggest that baroreceptor

inputs provide the major drive for NTS-mediated excitation of the CVLM.
Furthermore, glutamate tonically activates the CVLM to reduce SNA independent of
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the NTS, and this excitatory input appears to be affected by the strength of central
respiratory drive.

Key words: splanchnic SNA, baroreceptor, muscimol, kynurenate, respiratory
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INTRODUCTION
Neurons in the caudal ventrolateral medulla (CVLM) exert a powerful, tonic
inhibitory influence on SNA and AP by releasing GABA onto spinally-projecting, presympathetic neurons in the rostral ventrolateral medulla (RVLM) (Schreihofer &
Guyenet, 2002). Acute stimulation of cell bodies within the CVLM silences presympathetic RVLM neurons to reduce sympathetic vasomotor tone and AP (Agarwal
eta/. 1989; Masuda eta/. 1991 ). Conversely, inhibition of CVLM neuronal activity or

blockade of glutamatergic inputs to the region significantly increases RVLM neuronal
activity, SNA, and AP (Agarwal eta/. 1990; Blessing, 1988; Natarajan & Morrison,
1999; Schreihofer eta/. 2005). The CVLM is an essential relay for many sympathoinhibitory reflexes evoked by activation of the nucleus tractus solitarius (NTS)
(Mobley et al. 2006; Verberne & Guyenet, 1992). Accordingly, blockade of
glutamatergic inputs to the CVLM eliminates the decrease in RVLM activity and SNA
evoked by stimulation of arterial baroreceptors and other vagal afferent nerves
(Agarwal eta/. 1989; Guyenet eta/. 1987).
Although the CVLM is clearly driven by arterial baroreceptor inputs to the
NTS, the CVLM tonically restrains SNA independent of these inputs. For example,
inhibition of the CVLM continues to increase SNA and AP after acute transection of
baroreceptor afferent nerves (Cravo & Morrison, 1993). In addition, after acute
lesions of the NTS, inhibition of the CVLM or blockade of GABAergic receptors in the
RVLM continues to increase AP (Dampney eta/. 1988; Gieroba & Blessing, 1992).
Baroreceptor-related and baroreceptor-independent regulation of the CVLM is
observed in extracelluar recordings of individual GABAergic neurons in the region
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(Schreihofer & Guyenet, 2002; Schrehofer & Guyenet, 2003). These CVLM neurons
are activated by elevations in AP and have reduced activity when AP is decreased to
unload baroreceptor inputs (Schrehofer & Guyenet, 2003). Nevertheless, many
baro-activated CVLM neurons still fire when AP is reduced below the threshold for
baroreceptor afferent nerve activity (Schreihofer & Guyenet, 2002; Mandel &
Schrehofer, 2006; Sapru & Wang, 1976}, suggesting these CVLM neurons are also
driven by other inputs. The sources and nature of these baroreceptor~independent
inputs to the CVLM are not known.
Central respiratory neurons appear to provide baroreceptor-independent
inputs to CVLM neurons that regulate SNA. Sympathetic vasomotor nerves display
respiratory-related activity, and the strength of this modulation is enhanced by
elevated central respiratory drive. Likewise, baro-activated GABAergic CVLM
neurons also fire in relation to the central respiratory cycle, and this respiratoryrelated activity in CVLM neurons and SNA persists after baroreceptor unloading by
hypotension (Haselton & Guyenet, 1989; Mandel & Schreihofer, 2006).
Furthermore, central respiratory neurons appear to be essential for normal CVLM
function because lesions of glutamatergic central respiratory neurons attenuate the
ability of the CVLM to decrease AP (Wang eta/. 2003). Whether central respiratory
neurons make direct connections to baro-activated CVLM neurons or modulate
CVLM activity through the NTS is not known.
In the present study we determined whether the NTS may promote excitation
of the CVLM in the acute absence of baroreceptor inputs. We also examine the
hypothesis that the baroreceptor- and NTS-independent drive to the CVLM is

22
primarily glutamatergic. To examine the hypothesis that altering the strength of
central respiratory drive affects the baroreceptor-independent, glutamatergic drive to
the CVLM, we measured sympathetic responses to blockade of glutamatergic
receptors in the CVLM under conditions of reduced and elevated pC0 2 •
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MATERIALS AND METHODS
Animals.
Procedures were performed on adult male Sprague-Dawley rats (275-350g;
Harlan, Indianapolis, IN). Animals were pair-housed in the temperature and humidity
controlled Medical College of Georgia animal facility and were provided ad libitum
access to Purina Rat Chow and tap water. A standard 12 hour light cycle was
observed. Experiments were performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and with the approval of
the Medical College of Georgia Institutional Animal Care and Use Committee.

Surgical Procedures.
Rats were initially anesthetized with 2.5% isoflurane to cannulate a femoral
artery and vein to measure AP and deliver drugs respectively. Rectal temperature
was maintained at 37°C (TC-1000 Temperature Controller, Charles Ward
Electronics). Rats were artificially ventilated with 100% oxygen (Rodent Ventilator
Model683, Harvard), and end tidal C0 2 maintained at 3.5-4.5% (Capstar-100,
Charles Ward Electronics). In experiments where the influence of central respiratory
drive on inputs to the CVLM was evaluated, ventilation rate was altered to increase
or decrease central respiratory drive. To focus on changes in central respiratory
drive, the cervical vagus nerves were cut distal to the junction with the superior
laryngeal nerve to eliminate potentially altered vagal signals due to changes in the
ventilation rate. Rats were placed into a stereotaxic frame (David Kopf Instruments)
with the bite bar set at -11 mm. The left splanchnic nerve was isolated and activity
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was recorded from a pair of Teflon-coated silver wires bared at the tips and
embedded in dental impression material (polyvinylsiloxane, Super-Dent) as
previously described (Mandel & Schreihofer, 2006). The dorsal surface of the
brainstem was exposed by removing the occipital bone and retracting the underlying
dura mater. lsoflurane was slowly withdrawn as rats were infused with a-chloralose
(60mgfkg, iv, Fisher Scientific). Rats were allowed to recover for 30 minutes
following surgical procedures and change of anesthesia before experimental
protocols began. After ensuring adequate anesthesia (<10 mmHg change in AP
with firm toe-pinch), the rats were paralyzed with 1 mgfkg i.v. pancuronium
(Hospira). Supplemental doses of chloralose and pancuronium (113 original dose)
were administered hourly.

Microinjections.
Calibrated glass pipettes (5
20-30

~m.

~I.

VWR) were pulled, broken to a tip diameter of

mounted on a stereotaxic arm, and connected to a pressure

microinjection apparatus (Picospritzer Ill, Parker Instrumentation) (Mobley et at.
2006). Microinjections into the NTS were performed bilaterally using previously
described coordinates (0.5 mm rostral, 0.5 mm lateral, and 0.5 mm ventral to
calamus scriptorius and the surface of the brain stem) (Schreihofer eta/. 2005).
Microinjections into the CVLM were performed bilaterally as previously described
(1.0 mm rostral, 1.8 mm lateral, and 2.6 mm ventral from calamus scriptorius and the
dorsal brain stem surface) (Schreihofer eta/. 2005). Sites for NTS and CVLM were
functionally verified by visualization of depressor responses to microinjection of
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glutamate (1 nmol; >15 mmHg). Subsequent microinjections of muscimol (100
pmol) or kynurenate (5 nmol) contained 5% red or green latex microspheres
(Lumiphore) for histological confirmation of the injection sites. All injection volumes
were 100 nl, and drugs were diluted in artificial CSF. The absence of a sympathoinhibitory response to phenyl biguanide (20 IJg/kg, iv) was used to verify the efficacy
of the blockade in the NTS (Schreihofer & Sved, 1992). In rats where the vagi were
cut, the anterior end of the right vagus nerve was stimulated (5Hz, 5V, 10 seconds)
to verify functional blockade of the CVLM. In control states these stimulation
parameters evoked decreases in SNA and AP as seen previously (Sun & Guyenet,
1987), and these responses were eliminated after inhibition of the CVLM.
In a subset of rats, physiological responses were examined after the
unloading of the baroreceptors by a slow infusion of sodium nitroprusside (50 IJI/min
of a 1 mg/ml solution, iv). In some of these rats (n = 2) a second catheter was
inserted into the contralateral femoral vein to allow for testing responses to phenyl
biguanide after inhibition of the NTS during the nitroprusside infusion.

Blood gas measurements.

Blood gases were analyzed in animals with altered central respiratory drive
using the i-STAT portable clinical analyzer (Heska Corporation). i-STAT CGB+
cartridges were used to determine pC02, p02, and pH. Blood was withdrawn
(0.1 ml) from the arterial catheter 5-10 minutes prior to experimental protocols.
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Histological processing.
Rats were perfused with 4% formaldehyde and brqins were stored in the
same fixative for 48 hours. The brain stems were sectioned coronally at 50 J,Jm
using a Vibratome. Sections were mounted onto glass slides and coverslips were
affixed with Krystalon (VWR). Injection sites were visualized under epifluorescence
using an Olympus microscope (BX60). Using the Neurolucida system and a Ludl
motor-driven stage, the outlines of sections containing representative injection sites
were drawn along with the injection sites and nearby landmarks as previously
described (Schreihofer & Guyenet, 2003).

Data analysis.
The raw SNA was amplified, filtered (Differential AC Amplifier Model1700, AM Systems), and integrated into 1-second bins as previously described (Mandel &
Schrej_hofer, 2006; Mobley eta/. 2006). The changes in SNA were evaluated at. a
percent change from baseline (100%) with the zero value determined at the end of
the experiment by intravenous injection of clonidine (50 J,Jg/kg) (Mandel &
Schreihofer, 2006; Mobley eta/. 2006). Physiological variables were amplified with
the Neurolog system (Digiti mer Limited), digitized (Micro 1401, Cambridge Electronic
Design), and visualized using Spike2 software (CEO).
For microinjection experiments, the initial baseline AP and SNA reflect a 50second average immediately preceding any manipulations. To measure cumulative
effects of the microinjections upon SNA, the 100% baseline prior to any manipulation
was maintained throughout the experiment, and the SNA level following each set of
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bilateral microinjections was measured. To measure the effect of each blockade
within the NTS or CVLM, the 100% baseline SNA was reset immediately prior to
each set of bilateral microinjections. The maximum change in SNA within 1 minute
following the second microinjection was estimated with a 30-second window.
Because the physiological variables lag behind the neural changes (see Fig. 10), the
maximum change in AP and HR were recorded within the first 5 minutes after the
second microinjection. To evaluate the time course of changes in SNA and AP
following bilateral microinjections of kynurenate into the CVLM the original baseline
100% was used. The initial SNA value (Time 0) was estimated immediately
preceding the microinjections of kynurenate, and the next values were taken every
30 seconds for 10 minutes following the second microinjection of kynurenate into the
CVLM.
Maximum changes from 100% baseline SNA were assessed by Wilcoxon
signed rank tests. Differences in the change in AP or SNA due to serial injections
were compared by paired !-tests with repeated measures or by one-way ANOVA
with repeated measures followed by Newman-Keuls post hoc tests. To assess the
time course of changes in SNA and AP, data were analyzed by a one-way ANOVA
with repeated measures followed by Newman-Keuls post hoc tests. Significance
was set at P < 0.05 for all statistical comparisons.
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RESULTS
Functional and histological verification of injection sites.
The locations of the NTS and CVLM were confirmed functionally using
discrete microinjection of glutamate into the specified stereotaxic coordinates.
Microinjection of glutamate into the NTS decreased SNA by 81 ± 5 % (range 40-

100 %) and mean AP by 34 ± 4 mmHg (range 15-58 mmHg). Likewise,
microinjection of glutamate into the CVLM decreased SNA by 88 ± 4 % change
(range 62- 100 %) and mean AP by 25 ± 2 mmHg (range 15- 44 mmHg). Injected
fluorescent beads were found where expected within the regions of the intermediate
NTS at the rostro-caudallevel of area postrema and in the CVLM at the rostrocaudallevel of the rostral lateral reticular nucleus (Fig. 9) (Paxinos & Watson, 2007).
As the beads did not travel very far within these regions, they were considered to be
an indication of the center of the injection site as opposed to a realistic
representation of the functional spread of the neuroactive drugs.

Effects of serial inhibition of the NTS and CVLM during baroreceptor unloading by
hypotension.
To determine whether the NTS contributes a significant baroreceptor-independent
influence upon sympathetic vasomotor tone, the NTS was inhibited while
baroreceptor inputs were minimized by hypotension. In this group of 5 rats, baseline
mean AP was 124

± 7 mmHg and heart rate (HR) was 368 ± 9 beats/minute.

Nitroprusside was infused slowly to decrease and maintain mean AP below
baroreceptor threshold (Table I; Fig. 10) (Sapru & Wang, 1976; Thoren eta/. 1977).
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A

Fig. 9. Representative histological confirmation of microinjections into the
intermediate NTS and CVLM. A: Example of a reconstruction of typical injection
sites into the NTS confirmed by the deposition of fluorescent beads, shown on the
dorsal portion of a coronal section through the medulla oblongata at bregma -13. 7

mm. B: Photomicrograph of typical injection sites into the NTS. In some rats,
beads were found along the top of the NTS separate from the injection deposit. This
was considered to be a deposit due to leakage during the insertion or withdrawal of
the pipette and was not included in the drawing of the microinjection deposit shown
in A. C: Example of a typical microinjection into the CVLM confirmed by the
deposition of fluorescent beads, shown on a medullary hemisection in the coronal
plane at bregma -13.0 mm. D: Photomicrograph of a typical injection site into the
CVLM. Amb, nucleus ambiguus; AP, area postrema; cc, central canal; JON, inferior
olivary nucleus; LRt, lateral reticular nucleus; py, pyramidal tracts; Sp5, spinal
trigeminal nucleus; 10, dorsal vagal motor nucleus; 12, hypoglossal nucleus. Scale
bars are 500 microns in A and C and 250 microns in B and D.
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Fig. 10. Representative responses to bilateral inhibition of the NTS and CVLM
during infusion of SNP. A: Infusion of SNP throughout the protocol reduced AP
below baroreceptor threshold and increased SNA and heart rate (HR). Inhibition of
the NTS by bilateral microinjection of muscimol (MUS at arrowheads) during infusion
of SNP did not change SNA, HR, or AP. Inhibition of the NTS abolished the
sympatho-inhibitory response to phenyl biguanide (arrowhead at PBG). Subsequent
inhibition of CVLM by bilateral microinjection of MUS (at arrowheads) during infusion
of SNP significantly raised SNA, HR and AP. Ten-second windows of SNA at
baseline (B), after MUS-NTS (C), and after MUS-CVLM(D) show the increase in
splanchnic nerve burst frequency with each manipulation.
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Table I. Effects of infusion of sodium nitroprusside during microinjections of
muscimol into the NTS and CVLM on splanchnic SNA, HR, and mean AP.

Change in
HR
(bpm)

Change in
MeanAP
(mmHg)

209 ± 22*

26 ± 3*

-82 ± 7*

3±2

0±3

1± 1

291 ±56*

40 ±4*

50± 23*

Change in
Int. SNA
(%)

SNP
MUS in NTS
MUS in CVLM

Values are mean ± SE (n = 5) and reflect immediate changes in integrated
splanchnic SNA (Int. SNA), heart rate (HR), and mean AP with each manipulation.
During this protocol sodium nitroprusside (SNP) infusion was maintained during the
microinjections of muscimol (MUS) into the NTS and CVLM. In addition, the
microinjections of MUS into the CVLM were performed during the steady state
responses to both SNP and MUS in the NTS. The cumulative effects of these 3
manipulations on SNA are shown in Figs. 10 and 11. *Significant change from
100% baseline value preceding each set of bilateral microinjections, P <0.05.
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Nitroprusside-induced hypotension evoked significant increases in SNA and HR
(Table I, Figs. 10 and 11). Subsequent inhibition of the NTS by bilateral
microinjection of the GABAA agonist, muscimol, produced no further changes in
SNA, HR, or mean AP (Table I, Figs. 10 and 11 ). The reflexive inhibition of SNA in
response to intravenous injection of phenyl biguanide was reversed or abolished in
all rats tested, indicating a functional inhibition of the NTS (see Fig. 10). To ensure
that it was possible to further increase SNA, the CVLM was subsequently inhibited
with muscimol during combined nitroprusside infusion and blockade of neuronal
activity within the NTS (Figs. 10 and 11 ). Under these conditions, bilateral
microinjection of muscimol into the CVLM evoked considerable further increases in
SNA, HR, and mean AP (Table I, Figs. 10 and 11 ).

Sympathetic and cardiovascular responses to inhibition of the NTS and CVLM.
To assess the ability of the CVLM to alter SNA and AP after acute inhibition of
neurons in the intermediate NTS, the CVLM was inhibited by microinjection of
muscimol after confirmed inhibition of the NTS without the influence of nitroprusside.
In this group (n

=6), baseline mean AP was 112 ± 12 mmHg and HR was 374 ± 22

beats/minute. Inhibition of neuronal activity in the NTS by bilateral microinjection of
muscimol increased SNA, HR. and mean AP, as expected (Table II; Fig. 12)
(Mueller & Hasser, 2006; Schreihofer & Sved, 1992). In each of these rats the
sympatho-inhibitory response to phenyl biguanide was abolished. Subsequent
microinjection of muscimol into the CVLM evoked significant increases in SNA, HR,
and mean AP (Table II; Fig. 12). Because a recent report observing depressor
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Fig. 11. Cumulative effects of serial inhibition of NTS and CVLM during infusion of
SNP on SNA. Infusion of SNP to unload baroreceptors significantly raised SNA (*P
<0.05, n = 5). Under this condition, inhibition of the NTS with MUS did not alter
SNA, but subsequent inhibition of CVLM with MUS significantly increased SNA
above the level achieved by unloading baroreceptors with infusion of SNP.
tSignificantly different from SNA during SNP infusion alone, P <0.05. To measure
the cumulative effects upon SNA, the initial baseline SNA was used for all
measures.
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Fig. 12. Cumulative effects of inhibition of NTS and inhibition or blockade of
glutamateric inputs to the CVLM on SNA and mean AP. Inhibition of the NTS by
bilateral microinjection of MUS significantly increased SNA and AP in all rats.
Subsequent inhibition of the CVLM by bilateral microinjection of MUS (n=6)
significantly increased SNA (A) and mean AP (B) above the levels achieved by
inhibition of the NTS alone. Likewise, after inhibition of the NTS, antagonism of
glutamatergic receptors in the CVLM (n=7} by bilateral microinjection of kynurenate
(KYN) produced an additional increase in SNA (C) and mean AP (D). *Significant
increase from 100% baseline, P <0.05. tSignificantly different from SNA and mean
AP values after inhibition of the NTS, P <0. 05.
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Table II. Effects of serial inhibition of the NTS and CVLM on splanchnic SNA, HR,
andmeanAP.

Change in
Int. SNA
(%)

Change in
HR
(bpm)

Change in
MeanAP
(mmHg)

MUS in NTS

148 ± 19*

10 ± 4*

23 ± 8*

MUS in CVLM

208 ± 16*

40 ±4*

48 ± 10*

MUS in NTS

187 ± 17*

10 ± 6*

23±4*

KYN inCVLM

274 ±54*

46 ± 18*

50± 16*

Group 1

Group 2

Values are mean ± SE and reflect immediate changes in Int. SNA, HR, and mean
AP with each manipulation. The microinjections of MUS (n = 6) or kynurenate (KYN,
n = 7) into the CVLM were performed during the steady state of responses to MUS
in the NTS. The cumulative effects of these 2 manipulations on SNA and mean AP
are shown in Figs. 12 and 13. *Significant change from 100% baseline value
preceding each set of bilateral microinjections, P <0.05.
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responses to serial inhibition of the NTS and CVLM used rats ventilated on room air
(Moreira eta/. 2005), we examined these responses in a subset of rats (n = 2)
ventilated on room air. The physiological responses to inhibition of the NTS and
CVLM were not different from those ventilated with 100% oxygen (n = 4), so the rats
were pooled for group analyses.
To determine if the NTS-independent drive to the CVLM was primarily
glutamatergic, the ionotropic glutamatergic receptor antagonist, kynurenate, was
bilaterally microinjected into the CVLM after confirmed inhibition of the NTS with
microinjections of muscimol. In this group of 7 rats, baseline mean AP was 126 ± 3
mmHg and HR was 372 ± 19 beats/minute. Inhibition of neuronal activity in the NTS
by bilateral microinjection of muscimol increased SNA, HR, and AP. (Table II; Fig.
12). After microinjection of muscimol into the NTS, microinjection of kynurenate into
the CVLM evoked substantial increases in SNA, HR, and mean AP that were
comparable to those achieved by inhibition of the CVLM with muscimol (Table II; Fig.
12).
Examination of the time course of the changes in SNA and AP after
microinjection of kynurenate into the CVLM revealed a divergence in the kinetics of
the responses. Mean AP increased initially, but returned to pre-injection levels
within 5 minutes (Fig. 13A and C). In 2 of these animals AP plummeted to levels
well below the initial baseline (Fig. 13A). In contrast, the increase in SNA peaked
within 1 minute following the bilateral microinjection of kynurenate into the CVLM
and remained above pre-injection levels for 10 minutes.
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Fig. 13. Time courses of changes in SNA and mean AP after blockade of
glutamatergic inputs to the CVLM in rats with NTS inhibited. Bilateral microinjection
of KYN into the CVLM after inhibition of the NTS evoked initial significant rises in
SNA and AP (A, B, and C). Although the increase in SNA was maintained for at
least 10 minutes (A and B), the increase in mean AP was transient with a restoration
to pre-injection levels within 5 minutes (C), and sometimes a fall well below baseline
levels (see A). *Significant change in SNA or mean AP due to microinjection of KYN
into the CVLM, P<0.05. For the integrated SNA values in B, 100% is the baseline
SNA before microinjections into the NTS. In panels B and C, the initial values (Time
0) reflect the SNA and AP immediately prior to injection of KYN into the CVLM.
Effect of altering central respiratory drive on sympathetic responses to glutamatergic
blockade in the CVLM during baroreceptor unloading.
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To determine whether the strength of central respiratory drive Influences
baroreceptor-independent, glutamatergic inputs to the CVLM, the glutamate
antagonist kynurenate was microinjected into the CVLM during sodium nitroprusside
infusion in vagotomized rats with reduced or increased pCOz. Reducing ventilation
rate consistently raised end tidal and pCOz levels and reduced blood pH (Table Ill).
The pOz levels remained high due to ventilation with 100% oxygen (Table Ill). Prior
to experimental protocols, rats with diminished respiratory drive had a mean AP of
112 ± 10 mmHg, and rats with enhanced central respiratory drive had a mean AP of
121 ± 16 mmHg (N.S. P>0.05). Analysis of the raw voltage produced from the
splanchnic nerve revealed no difference in SNA in rats with high or low central
respiratory drive (10 ± 4 mV vs. 14 ± 2 mV).
Baroreceptor unloading decreased AP to similar values in rats with reduced
and elevated and reduced respiratory drive (39 ± 3 mmHg vs.43 ± 2 mmHg) and
promoted a comparable increase in SNA (Fig. 14A). In contrast, subsequent
blockade of glutamatergic inputs to the CVLM in rats with increased pC0 2 promoted
a larger increase in SNA compared to rats with decreased pC0 2 (Fig. 148). At
baseline and during sodium nitroprusside infusion, vagal stimulation consistently
decreased SNA and AP. After microinjection of kynurenate into the CVLM,
stimulation of the vagus nerve increased SNA in all rats, confirming blockade of
glutamate receptors in the CVLM.
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Fig. 14. The strength of central respiratory drive influences the effect of glutamate
receptor antagonism in the CVLM. A: Rats with diminished central respiratory drive
(Reduced pC02, n=S) and rats with enhanced central respiratory drive (Elevated
pC0 2, n=5) experience an equivalent increases in SNA after unloading the
baroreceptors by infusion of sodium nitroprusside. 8: Microinjection of KYN into the
CVLM during sodium nitroprusside infusion results in a larger increase in SNA in
animals with elevated pC0 2. Baseline SNA was determined during sodium
nitroprusside infusion, immediately prior to KYN injection into the CVLM. *Significant
difference between groups with reduced and elevated pC02, P <0.05.
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Table Ill. Effects of altered rate of artificial ventilation rate to reduce or increase
central respiratory drive in vagotomized rats.

Ventilation
Rate
(breaths/min)

End Tidal
COz

pH

pCOz
(mmHg)

pOz
(mmHg)

(%)

Reduced CRD

77± 1

2.4±0.1

7.57±0.02

31.6±1.9

487±35

Increased CRD

54± 1

5.7±0.1*

7.32±0.03*

65.0±3.1*

447±46

Values are mean ± SE. *Significantly different from value in rats with reduced central
respiratory drive (CRD), P <0.05.
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DISCUSSION
GABAergic neurons in the CVLM provide the major tonic inhibitory influence
for pre-sympathetic neurons in the RVLM that generate sympathetic vasomotor tone
(Agarwal et a/. 1990; Natarajan & Morrison, 1999; Schreihofer et a/. 2005; Willette et
a/. 1984). Although the CVLM has been traditionally regarded as an inhibitory relay
nucleus for the generation of sympatho-inhibitory reflexes, the CVLM is clearly
regulated by inputs that are independent of baroreceptors and the NTS to tonically
reduce the SNA that maintains AP. We aimed to begin to elucidate the nature and
sources of these unknown influences upon the CVLM that impact SNA and AP. The
present study reports three principle novel observations. 1) In the acute absence of
tonic baroreceptor inputs, inhibition of the NTS does not alter SNA or AP. 2) After
acute inhibition of the NTS, inhibition of the CVLM or blockade of glutamatergic
inputs continues to increase SNA and AP. 3) Antagonism of glutamatergic inputs to

' CVLM produces larger increases in SNA and AP when central respiratory drive
the
is enhanced by hypoventilation.
One assumption of the present study is that observed changes in SNA after
microinjections into the CVLM are due to effects upon bam-activated GABAergic
neurons in the region. Extracellular recordings in the CVLM reveal a population of
neurons whose activity is tightly and inversely correlated with fluctuations in SNA
(Schreihofer & Guyenet, 2002; Schreihofer & Guyenet, 2003). These neurons are
exquisitely sensitive to changes in AP and other stimuli that affect SNA, such as
intravenous phenyl biguanide or cholecystokinin (Mobley eta/. 2006; Schreihofer &
Guyenet, 2003). Inhibition of this region of the CVLM abolishes the sympatho-
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inhibitory responses to stimuli, such low frequency stimulation of the vagus nerve,
intravenous injection of phenyl biguanide or cholecystokinin, and stimulation of the
arterial baroreflex (Gordon, 1987; Mobley eta/. 2006; Verberne & Guyenet, 1992),
suggesting the bare-activated GABAergic CVLM neurons are inhibited by the
microinjections. Nevertheless, increases in SNA after inhibition of the CVLM could
also be due to effects upon unidentified adjacent neurons of this heterogeneous
region. Indeed, using a microinjection volume (100 nl) large enough to cover of the
intended target (Schreihofer & Guyenet, 2002) could influence the activity of nearby
nuclei such as. the rostral ventral respiratory group, pre-Botzinger nucleus, and
nucleus ambiguus. However, neurons in these regions have not been shown to
have a tonic inhibitory influence upon SNA. In addition, many bam-activated
GABAergic CVLM neurons are still active after the tonic influence of baroreceptors
has been removed (Mandel & Schreihofer, 2006; Schreihofer & Guyenet, 2002),
suggesting they could provide the baroreceptor-independent regulation of SNA that
is observed by manipulations of the CVLM.
Our finding that inhibition of the NTS does not alter SNA after nitroprussideinduced hypotension suggests that baroreceptors are the major driver for NTSmediated regulation of the CVLM in anesthetized rats. This observation is in
agreement with a study showing that inhibition of neuronal activity in the NTS does
not produce a change in AP in rats after chronic sino-aortic denervation (Schreihofer

& Sved, 1992). These data suggest that lack of drive from the NTS in chronic
baroreceptor denervated rats is not due to a long-term adaptation to the loss of
baroreceptor inputs. In agreement with the notion that the primary tonic drive
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through the NTS derives from baroreceptors, inhibition of neurons in the NTS and
unloading of baroreceptors by nitroprusside-induced hypotension produce
comparable rises in SNA. Although several sympatho-inhibitory reflexes that are
mediated by activation of vagal afferents require activation of the NTS and CVLM to
alter SNA, such as the Bezold-Jarisch reflex or systemic cholecystokinin, these
vagally initiated reflexes are only likely to be active under specific physiological
conditions. The NTS also receives inputs from peripheral chemoreceptors to
activate SNA, but ventilation with 100% oxygen would minimize their activity (Von
Euler & Lagererantz, 1987). In addition, these data suggest that the NTS is not a
relay for tonic activation of the CVLM by sources within the brain, such as central
respiratory neurons or the hypothalamus (Yang & Coote, 1999).
After acute inhibition of the activity of neuronal cell bodies in the intermediate
NTS, the present study showed that inhibition of the depressor region of the CVLM
evoked substantial increases in SNA, HR and AP. These data concur with previous
studies suggesting an NTS-independent drive to the inhibitory CVLM neurons that
influence cardiovascular function. In rabbits, after acute electrolytic lesions of the
NTS, blockade of GABA receptors in the RVLM continues to increase AP (Dampney
eta/. 1998), and this response is mimicked by inhibition of the CVLM (Gieroba &

Blessing, 1992). Similarly, in rats with chronic lesions of the NTS, inhibition of the
CVLM evokes a substantial rise in AP that is mimicked by blockade of GABAergic
receptors in the RVLM (Schreihofer eta/. 2005). However, it has also been reported
that after acute blockade of glutamatergic inputs to the NTS, inhibition of the CVLM
paradoxically decreases AP (Moreira eta/. 2005). These results are not readily
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reconciled with the present study or others using lesions of the NTS, but may be the
result of subtle differences in injection sites. Alternatively, measurement of changes
in AP without concomitant measures of SNA may provide misleading notions
regarding the output of the central nervous system. Indeed, in the present study,
serial inhibition of the NTS and CVLM produced a sustained, intense rise in SNA
that was sometimes accompanied by a collapse in AP within minutes, likely due to
neurogenic escape mechanisms (Pal et at. 1998). This observation highlights the
importance of direct sympathetic measures and the evaluation of immediate
responses to gain insights into regulation of SNA.
The NTS-independent drive to the CVLM neurons that regulate SNA appears
to be largely glutamatergic. In the present study we observed that antagonism of
ionotropic glutamate receptors by microinjection of kynurenate into the CVLM after
acute inhibition of the NTS evoked increases in SNA and AP that were comparable
to those observed after inhibition of the CVLM with muscimol. These data are in
accordance with analogous experiments performed in rats with-chronic lesions of the
NTS (Schreihofer et at. 2005). Although the sources of these glutamatergic inputs
are not known, they may be linked to central respiratory neurons. After minimizing
baroreceptor inputs, the present study showed that blockade of glutamatergic inputs
to the CVLM evokes a larger increase in SNA when central respiratory drive is
enhanced. These data suggest that the neural network that regulates central
respiratory drive influences the ability of the CVLM to reduce SNA. In support of this
finding, it has been previously shown that the loss of glutamatergic pre-Botzinger
neurons, which are critical to the regulation of central respiratory drive, decreases
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the ability of the CVLM to reduce SNA and AP (Wang eta/. 2003). Further
experiments will be necessary to determine the origin(s) and timing of glutamatergic
inputs to the CVLM from central respiratory regulatory neurons.

Perspectives
Once considered a simple relay nucleus to convey reflexively-mediated
inhibition to pre-sympathetic RVLM neurons, the CVLM is now known to possess
complex regulatory influences upon the RVLM and sympathetic vasomotor tone. In
addition to the profound ability of the CVLM to acutely alter SNA, chronic changes in
CVLM activity may also contribute to the elevated SNA observed with hypertension
(Smith & Barron, 1990; Sved eta/. 2000). Baroreceptor-driven, glutamatergic inputs
from the NTS are clearly a major force for CVLM neuronal activity, but the sources
and functional significance of baroreceptor-independent inputs to the CVLM remain
to be clarified. In the present study, we determined that baroreceptor-independent
drive to the CVLM is not likely derived from the NTS and propose that neurons
involved in the regulation of central respiratory drive may influence SNA via
glutamatergic inputs to the CVLM. In the future, more precise methodologies will be
required to unravel the function of this intricate and influential region within the
CVLM.
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ABSTRACT
The sympathetic nerves that maintain blood pressure are modulated by the
central respiratory generator. Neurons in the rostral ventrolateral medulla (RVLM)
that drive this SNA also display central respiratory drive (CRD)-related activity,
suggesting integration of respiratory and cardiovascular regulatory systems within
the brain stem. Whether CRD-related activity in the RVLM is due to direct inputs
from central respiratory neurons or modulation of cardiovascular-related neurons
that influence the RVLM is not known. The caudal ventrolateral medulla (CVLM)
contains GABAergic neurons that tonically inhibit pre-sympathetic RVLM neurons
and are essential for the production of numerous cardiovascular reflexes. The
present study sought to determine whether cardiovascular-related GABAergic
neurons in the caudal ventrolateral medulla (CVLM) display central respiratory drive
(CRD)-related activity. The firing patterns of individual barosensitive CVLM neurons
were examined in relation to phrenic nerve activity in chloralose-anaesthetized,
ventilated, paralyzed, vagotomized rats. Phrenic-triggered histograms of CVLM
neuronal activity showed that all baro-activated CVLM neurons displayed 1 of 4
patterns of CRD-related activity: (I) inspiratory peak (n=15), ~I) inspiratory

depression (n=15), ~II) inspiratory peak with post-inspiratory depression (n=10), and
(IV} post-inspiratory peak (n=9). A subset of each type of CVLM neuron was
identified as GABAergic by individually filling the recorded neuron with biotinamide
and observing expression of GAD67 mRNA by in situ hybridization (n=1 0). These
data suggest that the activity of GABAergic neurons in the CVLM are regulated by
cardiovascular and respiratory inputs, and baro-activated GABAergic CVLM neurons
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may contribute to CRD-related modulation of pre-sympathetic RVLM neurons and
SNA.
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INTRODUCTION
The central respiratory pattern generator has a rnarked influence upon the
sympathetic nerves that regulate cardiovascular function (Pilowsky, 1995; Malpas,
1998; Janig & Habler 2003). Central respiratory drive (CRD)-related activity in
sympathetic nerves has been observed in all species examined including rat
(Numao eta/. 1987; Guyenet eta/. 1990; Habler eta/. 1996; Miyawaki eta/. 1996;),
cat (Adrian eta/. 1932; Cohen & Gootman, 1970; Habler eta/. 1994), rabbit (Adrian
eta/. 1932; Terui eta/. 1986), dog (Okada & Fox, 1967), and human (Eckberg,

2003). The exact timing of the CRD-related activity varies with the species under
study (Czyzyk eta/. 1987; Habler eta/. 1994), from nerve to nerve within a subject
(Numao eta/. 1987; Boczek-Funcke eta/. 1992a,b; Janig & Habler, 2003), or state
of the preparation or individually recorded sympathetic neurons (Gilbey eta/. 1986;
Boczek-Funcke eta/. 1992a; Koshiya & Guyenet, 1995; Dick eta/. 2004 ). The
predominant patterns include a peak in SNA coincident with inspiration, or a peak
immediately after inspiration during the post-inspiratory/early expiratory period. This
CRD-related regulation of SNA appears to make a significant contribution to
sympathetic vasomotor tone and AP in normocapnic states, and likely contributes to
the sympatho-excitation and increase in AP observed with hypercapnia (Bachoo &
Polosa, 1985; Haselton & Guyenet, 1989).
Some of the CRD-related activity observed in SNA may arise from presympathetic neurons in the brain stem. Indeed, in rats, cats, and rabbits CRDrelated patterns have been observed in the pre-sympathetic neurons of the rostral
ventrolateral medulla (RVLM; Terui eta/. 1986; McAllen, 1987; Haselton and
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Guyenet, 1989; Miyawaki eta/. 1995), which provide the major drive to sympathetic
vasomotor tone under resting conditions in anaesthetized animals (Guyenet &
Brown, 1986; McAllen, 1986; Schreihofer eta/. 2000). Some of the observed CRDrelated patterns are likely to be produced by direct inputs to these RVLM neurons
from central respiratory neurons. In addition, some CRD-related patterns observed·
in pre-sympathetic RVLM neurons may be due to the influence of central respiratory
neurons upon cardiovascular-related neurons that regulate RVLM neuronal activity.
For instance, inhibition of the caudal ventrolateral medulla (CVLM) alters CRDrelated activity in pre-sympathetic RVLM neurons and SNA (Miyawaki eta/. 1996),
and these changes in SNA can be mimicked by direct blockade of GABAA receptors
in the RVLM (Guyenet eta/. 1990; Miyawaki eta/. 1996, 2002). If the GABAergic
CVLM neurons that regulate the activity of pre-sympathetic RVLM neurons are
modulated by the central respiratory pattern generator, this cardiovascular-related
input may be an important source of CRD-related activity observed in presympathetic RVLM neurons and SNA.
The CVLM contains GABAergic neurons that project to the RVLM and are
essential fo·r the production of many neural cardiovascular reflexes, including
baroreflexes and the Bezold-Jarisch reflex (Gordon, 1987; Verberne & Guyenet,
1992). Extracellular unit recordings within the CVLM reveal neurons whose
properties suggest they may be the critical inhibitory interneurons that convey this
reflex information to the pre-sympathetic RVLM neurons. These CVLM neurons are
highly barosensitive (bare-activated) with activity that is modulated by each AP pulse
(pulse-modulated), and their activity is inversely related to RVLM neuronal activity
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and SNA during the production of cardiovascular reflexes that require the CVLM
(Terui eta/. 1990; Agarwal & Calaresu, 1991; Gieroba eta/. 1992; Jeske eta/. 1993;
Schreihofer and Guyenet, 2003). Neurons in the CVLM with these physiological
properties have been shown to express GAD67 mRNA, suggesting that they are
GABAergic, and have axons that project toward the RVLM (Terui eta/. 1990;
Agarwal & Calaresu, 1991; Gieroba eta/. 1992; Jeske eta/. 1993; Schreihofer and
Guyenet, 2000c, 2003). To test the hypothesis that central respiratory and
cardiovascular regulatory mechanisms interact within the CVLM, the present study
determined whether bare-activated, pulse-modulated, GABAergic CVLM neurons
display CRD-related activity. In addition, we recorded adjacent bare-inhibited
neurons, which are likely to be rostrally projecting C1 adrenergic CVLM neurons
(Verberne eta/. 1999; Schreihofer & Guyenet, 2003), to determine whether they also
display CRD-related activity as previously reported for the spinally projecting rostral
C1 adrenergic neurons in the RVLM (Haselton & Guyenet, 1989). To ensure
observation of CRD-related activity the rats were vagotomized, and PND was not
phase locked to the ventilation cycle.
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METHODS
All experiments were conducted in agreement with the regulations of the
National Institutes of Heath Guide for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use Committee at the Medical
College of Georgia.

Surgical preparation
Male Sprague Dawley rats (270-350g; Harlan, www.harlan.com) were
anaesthetized with 2.5% isoflurane in 100% oxygen for surgery. Catheters were
inserted into the femoral vein to inject drugs and a brachial artery to measure upper
body AP. Heart rate (HR) was monitored by triggering from the AP pulse. A
tracheotomy was performed to provide artificial ventilation (Model 683, Harvard
Apparatus, www.harvardapparatus.com). End tidal C02 was recorded (CapStar100, Charles Ward Electronics, www.cwe-inc.com) and maintained between 4.5 and
5.5% with a tidal volume of 1 ml/1 OOg body weight and a ventilation rate of 60
strokes/min. If a prominent CRD-related activity was not observed in the SNA,
ventilation rate was decreased slightly (-55 strokes/min) to raise CRD-activity
immediately prior to recording of CVLM neurons (Haselton and Guyenet, 1989).
Core temperature was maintained at 37°C (Harvard). The rat was paralyzed
(pancuronium, 1mg/kg, iv, Abbott Labs), and then cervical vagus nerves were cut
bilaterally. A snare was placed around the abdominal aorta to rapidly increase
upper body AP (Brown & Guyenet, 1985; Schreihofer & Guyenet, 2003). The rat
was placed into a sterotaxic frame (David Kopf Instruments,

54
www.kopfinstruments.com) in the supine position with the bite bar at -11 mm. A
partial occipital craniotomy was performed to expose the dorsal surface of the
brainstem. The spinal column was clamped at the mid-thoracic level to reduce
ventilatory-related movements. Upon completion of the surgical preparation,achloralose (30 mg/ml solution in 3% sodium borate) was infused slowly (60 mg/kg iv,
with hourly supplements of 20 mg/kg as needed) as isoflurane was eliminated.
Animals were allowed to recover for 30 minutes before extracellular recordings were
performed. All recordings were performed under a-chloralose anesthesia with 100%
oxygen. Adequacy of anesthesia was verified every 30 minutes and immediately
before each supplement of pancuronium by evaluating the cardiovascular response
to a firm toe pinch (<10 mmHg increase in AP).

Peripheral nerve recordings
Raw splanchnic SNA (sSNA) was measured as previously reported
(Schreihofer & Guyenet 2000a,b; Schreihofer eta/. 2000). The left splanchnic nerve
was exposed by a retroperitoneal approach and placed on two Teflon-coated silver
wires that were bared at the tips (250-um bare diameter, A-M Systems, www.amsystems.com). The nerve and wires were embedded in polyvinylsiloxane
impression material (www.darbydental.com), and the incision was closed around the
recording wires. The sSNA was amplified and filtered (10Hz-3kHz band pass with a
60Hz notch filter; Differential AC amplifier 1700, A-M Systems). The baseline sSNA
(100%) was arbitrarily defined as the activity during the resting state immediately
preceding each physiological test, and the minimum sSNA (0%) was determined
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after injection of clonidine at the end of the experiment ( 10 iJglkg iv, Sigma
Chemicals www.sigma.com; Schreihofer & Guyenet, 2000a).
The left phrenic nerve was dissected using a dorsolateral approach as
described previously (Schreihofer eta/. 1999). The nerve was cut distally, placed on
a bipolar silver electrode, and coated with polyvinylsiloxane. The raw PND was
amplified and filtered (30Hz-3kHz band pass with a 60 Hz notch filter; Differential AC
amplifier 1700, A-M Systems). Artificial ventilation was offset from the PND to
desynchronize CRD from ventilatory-related changes in AP (Fig. 15).

Extracellular recording and juxtacellu/ar labeling of CVLM neurons
Extracellular recordings from individual neurons in the CVLM were performed
as previously described (Schreihofer & Guyenet, 2000c, 2003) using glass
electrodes (World Precision Instruments; www.wpiinc.com) filled with 1.5%
biotinamide (Molecular Probes, www.probes.invitrogen.com) in 0.5M sodium
acetate. The optimal electrode resistance was 10-20 MO measured in vivo.
Recordings were made with an intracellular amplifier in bridge mode (Neuroprobe
1600, A-M Systems) to allow monitoring of the recording during injection of current
through the recording electrode. The neuronal activity was amplified and filtered
(300 Hz- 5 kHz, NeuroLog System, Digitmer Ltd, www.digitimer.com). The CVLM
was located using stereotaxic coordinates in relation to calamus scriptorius: 1.2-1.5
mm rostral, 1.8-2.1 mm lateral, and 2.5-2.9 mm ventral to the dorsal surface of the
brain stem. We selected cardiovascular-related, bam-activated CVLM neurons
based upon the following criteria: 1) spontaneous activity under resting conditions

56
with significant baroreceptor tone (decreasing AP evoked increased sSNA) 2)
discharge rate briskly increased by raising AP with constriction of the aortic snare (at
least 3 times above baseline firing rate) 3) discharge pattern strongly modulated by
the AP pulse, especially when AP was raised 4) lack of obvious respiratory-related
activity in the raw data, and 5) location within the CVLM often immediately ventral to
cells with ON-OFF respiratory-related activity. For comparison, we selected
cardiovascular-related, bare-inhibited CVLM neurons using the same criteria except
that they were silenced by raising AP with constriction of the aortic snare.
A subset of individually recorded CVLM neurons was filled with biotinamide
using a previously described juxtacellular labeling method (Pinault, 1996;
Schreihofer & Guyenet, 1997, 2003; Schreihofer eta/. 1999, 2000). Positive current
pulses were delivered through the recording pipette (200 millisecond pulses of 1.03.0 nA, 2.5 Hz) while monitoring the activity of the isolated neuron. Successful
entrainment (1-3 minutes) of the cell's activity to the current pulses produces the
label of a single cell in the vast majority of cases (Schreihofer & Guyenet, 1997,
2003). One to three neurons were recorded from each rat, but only one attempt to
label a neuron was performed on each side of the medulla.

Physiological data analyses
All analog physiological variables (AP, end-tidal COz, sSNA, PND, and CVLM
unit activity) were converted to digital signals (Micro 1401, Cambridge Electronic
Design, www.ced.co.uk) and viewed on-line (Spike2 software, Cambridge). The raw
PND and SNA were full-wave rectified using the Spike2 software rectify function and
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were averaged using the Spike2 smooth function with 0.1 sec bins. The CVLM unit
activity was also counted in 0.1 sec bins (Spike trigger, Neurolog). All triggered
histograms were constructed off-line using 180-300 sec of recorded data (Spike2
software). Event channels were created in Spike2 to trigger initiation of PND, peaks
of C02 and AP. The AP-triggered histograms were constructed to confirm pulsemodulated activity of CVLM neurons. We evaluated 1000-1500 sweeps of a 1second window in 0.01-second bins, which usually contained 6-8 AP cycles. The
PND-triggered histograms were constructed to determine CRD-related activity in
CVLM units and sSNA and to show a desynchronization with ventilation. End tidal
C02 wave-triggered histograms were constructed to determine whether CVLM
neurons displayed ventilatory-related modulation. For PND and C02 we evaluated
100-150 sweeps of a 4-second window in 0.1-sec bins, which usually contained 2-3
cycles.

Histology of labeled CVLM neurons
At the end of the experiment, the rat was perfused transcardially with
phosphate-buffered saline (pH 7.4, 250 ml) followed by 4% paraformaldehyde (pH
7.4, 500 ml). The brain was removed and stored in the same fixative for 48 hours at
4°C. The brain stem was cut coronally into 30-micron sections using a Vibratome
(The Vibratome Company, www.vibratome.com) and stored in a cryoprotectant
solution at -20°C (Schreihofer & Guyenet, 1997).
Individual biotinamide-labeled neurons were processed to identify phenotype
and confirm location within the CVLM. The bare-activated CVLM neurons were
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examined for expression of GAD67 mRNA to verify that they were GABAergic
(Schreihofer & Guyenet, 2000c, 2003). Adjacent vagal motor neurons are also bareactivated, but do not express GAD67 mRNA (Schreihofer & Guyenet, 2003). The
bare-inhibited CVLM neurons have previously been shown to be catecholaminergic
(caudal C1 cells), so they were examined for tyrosine hydroxylase (TH) or
phenylethanolamine N-methyl transferase (PNMT) immunoreactivity (Schreihofer &
Guyenet, 2003; Stornetta eta/. 1999; Verberne eta/. 1999).
The biotinamide-filled neurons were revealed by incubating the tissue with
strept-avidin Alexa 488 (Molecular Probes, www.probes.invitrogen.com 1:200 with
0.1% Triton X-100, 2 hours) and mounting the sections onto sterile slides in sterile
phosphate buffer (pH 7.4). Sterile cover slips were placed onto the sections and the
biotinamide-labeled neuron was located using an epifluorescence microscope
(Olympus BX50, Olympus, www.olympusamericas.com). The section containing the
labeled neuron was drawn, and the location of the labeled neuron was plotted using
the Neurolucida system (Microbrightfield, www.microbrightfield.com). The section
was gently removed from the slide and processed to reveal phenotype.
Unless otherwise noted, all incubations and rinses were performed on freefloating sections at room temperature on a shaker in Tris-buffered saline (TBS, pH
7.4). Immunoreactivity forTH was revealed by incubation with a monoclonal mouse
anti-TH antibody (1:1000, 48 hours, 4°C, lmmunostar, www.immunostar.com)
followed by incubation with donkey anti-mouse lgG-Cy3 (1 :200, 1 hour, Jackson
lmmunoResearch, www.jacksonimmuno.com). Immunoreactivity for PNMT was
revealed by incubation with a polyclonal rabbit anti-PNMT antibody (1:2000, 48
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hours, Chemicon, www.chemicon.com) followed by incubation with donkey antirabbit lgG-Cy3 (1 :200, 1 hour, Jackson). Sections were mounted onto uncoated
slides, and coverslips were applied with Krystalon.

In situ hybridization histochemistry for GAD67 mRNA
Expression of GAD67 mRNA was detected using antisense digoxigeninlabeled cRNA probes as previously described (Schreihofer eta!. 1999, Schreihofer &
Guyenet, 2003). The riboprobes were generated from a full-length eDNA encoding
GAD67 (2.7 kb, generously supplied by Dr. A.J. Tobin, University of California, Los
Angeles, CA; Erlander eta/. 1991) cloned into pBiuescript SK+ (Stratagene,
www.stratagene.com). Plasmids were linearized with Sa/ I (Promega,
www.promega.com) and transcribed using T3 polymerase (Promega) in the
presence of digoxigenin-11-UTP (Roche Applied Science, www.ibuybiochem.com).
The template DNA was digested with RQ1 DNase (Promega), and unincorporated
nucleotides were removed by Probe Quant G-50 Micro Columns (Amersham
Pharmacia Biotech, www.apbiotech.com).
The section containing the biotinamide-labeled soma was rinsed in RNAse
and DNAse-free saline and placed in a pre-hybridization solution (Schreihofer eta/.
1999) at room temperature for 30 minutes and then at 37"C for 1 hour. Then, the
riboprobe (50-1 00 pg/ml) was added directly to the solution containing the section to
hybridize for 16 hours at 55°C. Sections were rinsed through decreasing
concentrations of sodium citrate (SSC) at 37"C, treated with a solution of RNAase A
(1 hour, 37"C), and then rinsed in 0.1 X SSC at 55°C for 1 hour.
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The digoxigenin-labeled riboprobe was revealed by incubation with a sheep
polyclonal anti-digoxigenin antibody conjugated to alkaline phosphatase (1 :1000,
overnight, 4•c, Roche) with 10% heat inactivated horse serurn (Gibco,
www.invitrogen.com) and 0.1% Triton X-100. The next day sections were rinsed
and incubated in NMT (0.1 M NaCI, 50 mM MgCiz, and 0.1M Tris, 10 minutes). The
blue-brown reaction product was produced by incubation in NMT with nitroblue
tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate, 4-toluidine salt (Roche) in the
dark for 1-3 hours (Schreihofer et at. 1999; Schreihofer & Guyenet; 2003).

Mapping and imaging of biotinamide-labeled neurons

Epifluorescence was used to visualize biotinamide-labeled CVLM neurons
incubated with strept-avidin Alexa 488, or TH-immunoreactivity revealed with Cy3 as
previously described (Schreihofer & Guyenet, 2003). Brightfield illumination was
used to visualize the GAD67 mRNA hybridization reaction product. Examples of
biotinamide-labeled CVLM neurons were captured using a digital camera
(Magna Fire, Optronics, www.olympusamerica.com). The resulting files were
imported into Adobe Photoshop (6.0, Adobe Systems, www.adobe.com) where they
were converted to grayscale with the levels and sharpness adjusted to optimize
visualization of the labeled neurons.
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RESULTS
CRD-related modulation of sSNA of vagotomized, chloralose-anaesthetized rats
To ensure that the preparation yielded a prominent CRD-related modulation
of sSNA, an ultimate target of recorded CVLM neurons, we recorded splanchnic
nerve activity in a subset of rats (28 of the 48 rats). The ventilation, as indicated by
end tidal C0 2, was not phase locked with the discharge of the phrenic nerve to
ensure observation of CRD-related sSNA (Fig. 15). The average length of the
ventilation cycle (1.1 0 ± 0.02 seconds; peak to peak of end-tidal C02) was shorter
than the average length of the centrally driven respiratory cycle (1.68 ± 0.02
seconds; peak to peak of PND, P <0.05) . In every case, sSNA had a prominent
peak during inspiration, coincident with the burst of PND (Fig. 15). No postinspiratory bursts were observed in the sSNA of any rats.

Bam-activated CVLM neurons display CRD-related activity
In 35 rats, we recorded 49 neurons in the CVLM that were briskly activated by
raising upper body AP (bare-activated, Fig. 16A) and displayed no obvious
respiratory-related activity in the raw data (Fig. 16A). These CVLM neurons, which
were exquisitely sensitive to AP, showed activity that was modulated by each pulse
of AP (pulse-modulated, Fig. 168). As shown previously (Schreihofer & Guyenet,
2000c, 2003), CVLM neurons with these physiological characteristics express
GAD67 mRNA (Fig. 16C), demonstrating they are GABAergic neurons. In this group
of rats the mean AP was 123 ± 2 mmHg and the average end tidal C02 was 5.7 ±
0.2% (4.8- 6.5%) at the time of CVLM unit recordings. The average basal firing rate
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Fig. 15. Relationships between PND end tidal C02, and splanchnic SNA. The
integrated SNA (int. SNA) has prominent respiratory-related rhythm with most of the
bursts occurring with the PND. In this vagotomized rat, the PND desynchronized
with ventilation, as shown by a lack of relationship with changes in end tidal C02.

63

CVLM
unit

SNA

200
AP

Ss

50

B
CVLM
unit

200

:5

I

II

II II II

II II
0.2s

Fig. 16. Example of a typical bam-activated GABAergic CVLM neuron.
A: Elevating AP by constricting the abdominal snare (at bar under AP trace)
increases the firing of this bam-activated neuron and reduces the splanchnic SNA.
8 : At high AP this bam-activated neuron displayed pulse synchrony, with firing
occurring with each systole. Ca: The bam-activated neuron was filled with
biotinamide revealed with strept-avidin Alexa 488 (at arrow) Cb: The same area
shown in C1 but under brightfield to reveal the presence of GAD67 mRNA in the
biotinamide-labeled neuron (at arrow) . Scale bar, 25 pm.
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of the CVLM neurons was 2.3 ± 0.3 spikes/sec, and no differences in basal firing
rate were observed when CVLM neurons were grouped by CRD-related pattern.
Phrenic-triggered unit histograms revealed 4 general patterns of CRD-related
activity in bam-activated CVLM neurons. All bam-activated CVLM neurons
displayed some pattern of CRD-related activity when triggered from the PND. Each
neuron was categorized by its most prominent pattern feature. Type 1 (inspiratory
peak) neurons were sharply activated at the onset of the PND and abruptly inhibited

at the end of the phrenic burst. The activity between phrenic bursts was fairly stable,
and considerably lower. (n =15, Fig. 17Aa and Ab). Three of these neurons were
filled with biotinamide and found to express GAD67 mRNA (see example in Fig.
16C). Type II (inspiratory depression) neurons showed a decrease in activity during
the PND, which was either abrupt in onset (Fig. 17Ba) or gradually decreasing with a
nadir during the PND (Fig. 17Bb). There were no obvious peaks of activity in
between phrenic bursts. (n = 15). Two of these neurons were filled with biotinamide
and found to express GAD67 mRNA. Type Ill (inspiratory peak, post-inspiratory
depression) neurons were activated during the PND, usually with a ramp of

increasing activity. In addition these neurons showed a decrease in firing rate at the
end of the PND, which was lowest period of activity (n = 10, Fig. 17Ca and Cb).
Three of these neurons were filled with biotinamide and found to express GAD67
mRNA. Type IV (post-inspiratory peak) neurons showed an increase in activity at
the end of the PND or immediately following the burst, which ended with or soon
after the termination of the phrenic burst. (n = 9, Fig. 17Da and Db). In addition
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Fig. 17. Four patterns of CRD-related activity in baro-activated CVLM neurons. Aa
and Ab: Type 1: Phrenic-triggered histograms reveal a clear peak of CVLM
neuronal activity during the PND. Ba and Bb: Type II: Phrenic-triggered histograms
reveal a depression of CVLM neuronal activity during the PND, which often persisted
after the termination of the phrenic burst. Ca and Cb: Type Ill: Phrenic-triggered
histograms reveal increased CVLM neuronal activity during the PND that was
followed by a depression at the termination of the phrenic burst. Da and Db: Type
IV: Phrenic-triggered histograms reveal an increase in CVLM neuronal activity
immediately after the termination of the phrenic burst. Each histogram represents
150 sweeps with a 0.1-second bin size.
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some Type IV neurons showed a slight decrease in activity during the PND. Two of
these neurons were filled with biotinamide and found to express GAD67 mRNA.
In addition to their pulse-modulated and CRD-related activity, the bamactivated CVLM neurons also displayed a ventilatory-related modulation of their
firing rate. This pattern has previously been observed in the SNA of vagotomized,
artificially ventilated rats and is produced by arterial baroreceptors sensing
ventilation-mediated waves in AP (Habler eta/. 1996). Sara-activated CVLM
neurons are extremely sensitive to changes in AP, and they fire more during each
systole (Fig. 18Aa and Ba) and when AP increases on the expiratory phase of the
ventilation cycle (Fig. 18Ab and Bb ). These patterns related to AP were the same in
all bam-activated CVLM neurons, and were not related to PND (Fig. 18Aa and Ba).
The CRD-related patterns observed in bam-activated CVLM neurons were also
independent from the pulse- and ventilation-modulation of activity (Fig. 18Ac and
Be). In agreement, unloading arterial baroreceptors with infusion of nitroprusside
abolished pulse-modulated activity (n=13; Fig. 19Aa versus Ba), but did not alter the
CRD-related pattern in bam-activated CVLM neurons (n=13; Fig. 19Ab versus Bb).

Baro-inhibited CVLM neurons display CRD-re/ated activity
In 22 rats, we recorded 30 neurons in the CVLM that were silenced by raising
upper body AP (Fig. 20A). Sara-activated neurons were also recorded in 9 of these
rats. The bam-inhibited CVLM neurons displayed no obvious respiratory-related
activity in the raw data (Fig. 20A). As shown previously (Schreihofer & Guyenet,
2003), CVL!Vl neurons with these physiological characteristics express TH-
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Fig. 18. Examples of pulse-modulation, ventilation-related modulation, and CRDrelated activity in baro-activated CVLM neurons. Aa,b,c and Ba,b,c are recordings
from two different baro-activated CVLM neurons. Aa,Ba: Arterial pulse-triggered
histograms reveal strong pulse-modulation of CVLM neuronal activity. Ab,Bb: COr
triggered histogram reveals correlated waves in AP and CVLM neuronal activity.
Ac,Bc: Phrenic-triggered histograms show CRD-related CVLM neuronal activity
unrelated to AP or end tidal C02. Phrenic- and C02-triggered histograms represent
150 sweeps with a bin size of 0.1 seconds. The AP-triggered histograms represent
1500 sweeps with a bin size of0.01 seconds.
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Fig. 19. Example of the effects of unloading arterial baroreceptors with nitroprusside
(5 mg/kg, iv) on the activity of a baro-activated CVLM neuron. Aa: AP pulsetriggered histogram reveals strong pulse-modulation of CVLM neuronal activity. Ab:
A phrenic-triggered histogram reveals inspiratory-depression CRD-related activity in
the same CVLM neuron shown in A 1. Ba: AP-triggered histogram after
nitroprusside-induced hypotension reveals an abolition of pulse-modulation of CVLM
neuronal activity. Bb: Phrenic-triggered histogram of same neuron shown in Ba
reveals nitroprusside does not alter inspiratory-depression in the CVLM neuronal
activity. Phrenic-triggered histograms represent 100 sweeps with a bin size of 0. 1
seconds. The AP pulse-triggered histograms represent 1000 sweeps with a bin size
of 0.01 seconds.
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Fig. 20. Example of a typical bare-inhibited catecholaminergic CVLM neuron.
A: Elevating AP by constricting the abdominal snare (at bar under AP trace) silences
the firing of this bare-inhibited neuron and splanchnic SNA. Ba: The baro-inhibited
neuron was filled with biotinamide revealed with strept-avidin Alexa 488 (at arrow)
Bb: The same area shown in Ba to reveal the presence of tyrosine hydroxylase
immunoreactivity (at arrow), demonstrating this neuron is catecholaminergic. Scale
bar in Ba, 25 pm.
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immunoreactivity (Fig. 208), indicating they are catecholaminergic. The THimmunoreactive neurons at this rostra-caudal level of the medulla also display
PNMT-immunoreactivity, suggesting they are C1 adrenergic neurons. These C1
neurons do not likely project to the spinal cord, but instead probably project to the
forebrain (Verberne eta/. 1999). In this group of rats the mean AP was 112 ± 2
mmHg and the average end tidal C02 was 5.2 ± 0.1 %. The average basal firing rate
of the CVLM neurons was 1.8 ± 0.2 spikes/sec, and no differences in basal firing
rate were observed when CVLM neurons were grouped by CRD-related pattern.
All bam-inhibited CVLM neurons displayed some pattern of CRD-related
activity, and phrenic-triggered unit histograms revealed 3 general patterns. Type 1
(inspiratory peak) neurons were activated at the onset of the PND and had
decreased activity at the end of the phrenic burst. The CVLM neuronal activity
between phrenic bursts was fairly stable, but considerably lower (n

=7, Fig. 21Aa

and Aa). Type II (late inspiratory-early expiratory depression) neurons had a
decrease in activity during the end of the PND, which continued briefly after the
termination of the phrenic burst (n = 11, Fig. 21Ba and Bb). Type Ill (inspiratory
peak, post-inspiratory depression) neurons were activated during the PND, with a
decrease in activity immediately after the phrenic burst (n = 12, Fig. 21 Ca and Cb ).
A catecholaminergic phenotype was confirmed in a subset of each type of baminhibited CVLM neuron (5TH- and 3 PNMT-immunoreactive neurons).
At resting AP, many bam-inhibited CVLM neurons displayed some pulsemodulated activity, with activation occurring during the troughs of the AP pulses (Fig.
22Aa). Unloading arterial baroreceptors with infusion of nitroprusside increased
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Fig. 21. Three patterns of CRD-related activity in baro-activated CVLM neurons.
Aa and Ab: Type 1: Phrenic-triggered histograms reveal a clear peak of CVLM
neuronal activity during the PND. Ba and Bb: Type II: Phrenic-triggered histograms
reveal a depression of CVLM neuronal activity during the PND, which often persisted
after the termination of the phrenic burst. Ca and Cb: Type Ill: Phrenic-triggered
histograms reveal increased CVLM neuronal activity during the PND that was
followed by a depression at the termination of the phrenic burst. Each histogram
represents 150 sweeps, and the bin size for PND-triggered histograms was 0. 1
seconds.
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Fig. 22. Example of the effects of unloading arterial baroreceptors with nitroprusside
(5 mg/kg, iv) on the activity of a bam-inhibited CVLM neuron. Aa: AP pulsetriggered histogram reveals pulse-modulation of CVLM neuronal activity. Ab: A
phrenic-triggered histogram reveals inspiratory-peak CRD-related activity in the
same CVLM neuron shown in Aa. Ba: AP-triggered histogram after nitroprussideinduced hypotension reveals an abolition of pulse-modulation of CVLM neuronal
activity. Bb: Phrenic-triggered histogram of same neuron shown in Ba reveals
nitroprusside does not alter inspiratory-peak in the CVLM neuronal activity. Phrenictriggered histograms represent 100 sweeps with a bin size of 0.1 seconds. The AP
pulse-triggered histograms represent 1000 sweeps with a bin size of 0.01 seconds.
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1 mm

Fig. 23. Location of recorded CVLM neurons that were filled with biotinamide.
Two representative coronal brain stem sections contain the plotted locations of
recorded barosensitive CVLM neurons. The more rostrally located neurons are in A
(bregma -13.68 mm) and the more caudally located neurons are in B (bregma -13.24
mm). The baro-inhibited neurons are on the left side of the sections (n = 8
catecholaminergic neurons) and the baro-activated neurons are on the right side of
the sections (n

=10 GABAergic neurons, n =5 filled with biotinamide, but not

successfully processed for GAD67 mRNA). There was no difference in the location
of baro-activated vs. baro-inhibited neurons. Shapes represent location of
barosensitive CVLM neurons categorized by CRD-related activity: Triangles are type
1, inspiratory-peak, circles are type II, inspiratory-depression, squares are type Ill,
inspiratory-peak with post-inspiratory depression, and asterisks the type IV, postinspiratory peak.
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firing rate and abolished pulse-modulated activity (Fig. 228a), but did not alter the
CRD-related pattern in bam-inhibited neurons (Fig. 22Ab versus Bb).

Location of recorded CVLM neurons
All recorded barosensitive neurons were found where expected within the
CVLM. The neurons were ventral to nucleus ambiguus, and in between the lateral
wings of the rostral tips of the lateral reticular nucleus (Fig. 23). There was no
difference in the locations of the bam-activated (Fig 23, right) and the bam-inhibited
(Fig. 23, left) neurons, or locations examined by CRD-related firing pattern.
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DISCUSSION
The SNA that contributes to resting AP is prominently modulated by the
central respiratory pattern generator (Adrian eta/. 1932; Pilowsky, 1995; Malpas,
1998; Janig & Habler 2003). Pre-sympathetic neurons in the RVLM that drive
sympathetic vasomotor tone also display CRD-related activity (Haselton & Guyenet,
1989; McAllen, 1987; Miyawaki eta/. 1995), indicating that the RVLM is a site of
integration of brain stem regulatory systems for respiratory and cardiovascular
functions. The principal observation of the present study is that integration between
these two regulatory systems also occurs within the CVLM. Bam-activated
GABAergic CVLM neurons display one of four patterns of CRD-related activity,
namely (I) inspiratory peak, (II) inspiratory depression, (Ill) inspiratory peak with
post-inspiratory depression, and (IV) post-inspiratory peak. In addition, many of
these patterns appear to be inversely related to those observed in pre-sympathetic
RVLM neurons. These data suggest that CRD-related activity observed in presympathetic RVLM neurons and SNA may be shaped by GABAergic neurons in the
CVLM.

Role of baro-activated GABAergic CVLM neurons in the regulation of SNA
An assumption of the present study is that at least some of the individually
recorded CVLM neurons target the pre-sympathetic RVLM neurons to alter SNA and
AP. One issue at hand is that adjacent vagal motor neurons in the CVLM display
some physiological properties that are indistinguishable from GABAergic CVLM
neurons (Schreihofer and Guyenet, 2003). Vagal motor neurons, which are
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immediately dorsal to the bam-activated GABAergic neurons, are also baroactivated and display CRD-related activity (Jordan eta/. 1982; Gilbey eta/. 1984).
However, vagal motor neurons are cholinergic and do not express GAD67 mRNA,
making the phenotypic identification of the CVLM neurons critical in the present
study. Furthermore, in contrast to the multiple CRD-related patterns observed in
cardiovascular-related CVLM and RVLM neurons, cardiac vagal motor neurons are
universally inhibited during inspiration to contribute to respiratory sinus arrhythmia
(Jordan eta/. 1982; Gilbey eta/. \984; Neff eta/. 2003; Bouairi eta/. 2004).
Although some of the CVLM neurons in the present study that were not identified as
GABAergic may be vagal motor neurons, a GABAergic phenotype was conclusively
established for CVLM neurons displaying each of the four CRD-related patterns.
In addition, we cannot conclusively demonstrate that the recorded CVLM
neurons make synaptic contacts with pre-sympathetic RVLM neurons. However,
evidence from microinjection studies strongly suggests that the CVLM contains
GABAergic neurons that tonically inhibit pre-sympathetic RVLM neurons to reduce
SNA (Willette eta/. 1984; Blessing, 1988; Schreihofer eta/. 2005) and mediate
sympathetic cardiovascular reflexes such as the arterial baroreflex and BezoldJarisch reflex (Gordon, 1987; Verberne & Guyenet, 1992). In agreement,
GABAergic neurons in the CVLM that project to the RVLM express Fos after

increased AP, suggesting they are bam-activated (Minson eta/. 1997; Chan and
Sawchenko, 1998). Extracellular recordings in the CVLM reveal neurons whose
activity is inversely related to SNA and expected RVLM neuronal activity. Namely,
these GABAergic CVLM neurons are activated by increased AP and phenyl
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biguanide (Fig. 16; Schreihofer and Guyenet, 2003) and show strong pulse
modulation with firing occurring only during systole at higher pressures (Fig. 16;
Schreihofer & Guyenet, 2003). Thus, although their role in cardiovascular regulation
is putative, these recorded CVLM neurons are excellent candidates for the critical
GABAergic interneurons that regulate the RVLM and SNA.

Role of the CVLM in the generation of CRD-related activity in the RVLM and SNA
Some CRD-related patterns of activity in pre-sympathetic RVLM neurons may
be produced by bam-activated GABAergic CVLM neurons. Accordingly, in many
cases CRD-related patterns observed in the CVLM appeared to be inversely related
to previously reported patterns in pre-sympathetic RVLM neurons (Haselton &
Guyenet, 1989; Miyawaki eta!. 1995) and SNA. For example, type I (inspiratorypeak) CVLM neurons could yield the inspiratory-depression pattern observed in
RVLM neurons and SNA (Haselton & Guyenet, 1989; Miyawaki eta/. 1995). In
agreement, inhibition of the CVLM abolishes the inspiratory-depression pattern in
pre-sympathetic RVLM neurons (Miyawaki eta/. 1996). Likewise, type II
(inspiratory-depression, a.k.a expiratory-related activity) CVLM neurons could permit
the inspiratory-peak observed in RVLM neurons by a reduction of GABA, and
maintain low activity of RVLM neurons and SNA during expiration. Consistent with
this notion, inhibition of glutamatergic receptors in the RVLM does not affect the
inspiratory-peak in sSNA (Miyawaki eta/. 1996), suggesting it may be mediated by
disinhibition of the RVLM neurons. Furthermore, inhibition of the CVLM increases
expiratory-related activity in some pre-sympathetic RVLM neurons and SNA
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(Miyawaki et a/. 1996). These effects on lumbar SNA were mimicked by blockade of
GABAergic receptors in RVLM (Guyenet eta/. 1990), suggesting expiration-related
activity in CVLM neurons actively suppresses such activity in the RVLM and SNA to
ostensibly enhance inspiratory-related activity.
Although some of the CRD-related activity in pre-sympathetic RVLM neurons
may be derived from the CVLM, other patterns may be produced by excitatory inputs
to the RVLM but modulated simultaneously by the CVLM. The post-inspiratory peak
in sSNA is abolished by antagonizing glutamate receptors within the RVLM
(Miyawaki eta/. 1996), suggesting glutamatergic inputs to RVLM may produce the
post-inspiratory peak of pre-sympathetic RVLM neurons and sSNA. In contrast,
blockade of GABAergic receptors within the RVLM or the inhibition of the CVLM, a
major source of GABAergic input, enhances the post-inspiratory peak of individually
recorded RVLM neurons and SNA (Guyenet eta/. 1990; Miyawaki eta/. 1996), and
yields a greater CRD-related modulation of sSNA (Miyawaki eta/. 1996). These
data suggest that the CVLM could act to limit the amplitude of the post-inspiratory
peak of pre-sympathetic RVLM neurons and SNA. Indeed, the activity of some
bam-activated CVLM neurons displayed a post-inspiratory peak (Fig. 170).
Interestingly, this was the only CRD-related pattern in CVLM neurons with CVLM
neuronal activity coincident with the peak in sSNA (Fig. 1783), suggesting this
particular pattern may restrain CRD-related fluctuation of sSNA.
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CRD-re/ated activity in baro-inhibited catecholaminergic CVLM neurons
In the present study baro-inhibited, catecholaminergic CVLM neurons also
displayed CRD-related activity. Whether the adjacent baro-activated GABAergic
CVLM neurons are the source of baroreceptor-mediated inhibition or their CRDrelated activity is not clear. The three CRD-related patterns observed in the bareinhibited CVLM neurons could either be described as similar or inverse to patterns
observed in baro-activated CVLM neurons, depending upon which neurons are
compared. For example, the baro-inhibited, inspiratory-depression neurons (Fig.
21 Bb) could be viewed as inversely related to the bare-activated type I (inspiratorypeak) neurons (Fig. 17Ab) or as similar to the baro-activated type II (inspiratorydepression) neurons (Fig. 17Ba). The patterns observed in the bare-inhibited
neurons are comparative to those observed in the spinally-projecting rostral C1 cells
of the RVLM, except that no bare-inhibited neurons with clear post-inspiratory peaks
were observed. This difference may be the result of a small sample size, a true
distinction between caudal and rostral C1 cells, or the state.of the preparation.
Given that caudal C1 neurons project to autonomic regions of the forebrain
(Verberne et at. 1999), they could provide respiratory-related modulation of long-loop
autonomic responses.

Ventilatory-related modulation of CVLM neuronal activity
In addition to their pulse-modulated and CRD-related activity, the bareactivated CVLM neurons also displayed a ventilation-related modulation of their
firing rate. This pattern has been observed in the SNA of vagotomized, artificially
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ventilated rats (Habler et at. 1996). These ventilation-related fluctuations in SNA are
eliminated by transecting arterial baroreceptor afferent nerves, suggesting
ventilation-related fluctuations in AP are sensed by baroreceptors and transmitted to
the SNA (Boczek-Funcke et at. 1992a; Habler et at. 1996). All bare-activated CVLM
neurons had increased neuronal activity coincident with rises in end-tidal C0 2 and
AP (Fig. 18Ab and Bb). The strength of this modulation appeared to coincide with
the degree of pulse-modulation (Fig. 18Aa and Ab versus 18Ba and Bb), in
agreement with the notion that both patterns arise from the same afferent signals.
The ventilation-related modulation was independent of the CRD-related activity,
which was not synchronized with ventilation (Fig. 18Ac and Be). However, in
animals with intact vagus nerves, where ventilation and the central respiratory
pattern generator are synchronized, this baroreceptor-mediated modulation likely
enhances respiratory-related activity of barosensitive brain stem neurons and SNA.

Modulation of SNA by central respiratory generator

In the present study we recorded sSNA to ensure the preparation had
significant CRD-related modulation of autonomic function. In all cases sSNA peaked
during inspiration, with no post-inspiratory peak observed in any animals. This
pattern has also been observed in splanchnic nerve of vagotomized, ventilated,
paralyzed rats anesthetized with halothane (Numao et at. 1987), urethane after
clonidine (Koshiya & Guyenet, 1995), or pentobarbital (Miyawaki et a/.1996), and in
cats under urethane or after decerebration (Cohen & Gootman, 1970). Under
comparable experimental conditions, sympathetic nerves to other targets, such as
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renal, adrenal, muscle constrictor, or cardiac also display a peak in activity during
inspiration (Numao eta!. 1987, Connelly & Wurster, 1985, Janig & Habler, 2003). In
contrast, under other experimental conditions sSNA displays a prominent postinspiratory peak (Miyawaki eta/. 1996; Koshiya & Guyenet, 1995). In addition,
within the same preparation different sympathetic nerves may simultaneously
display diverse CRD-related patterns. For example, in halothane-anesthetized rats
while splanchnic nerve activity peaks during inspiration, cervical and lumbar nerve
activities peak only during post-inspiration (Numao eta/. 1987). These observations
suggest that CRD-related activity observed in SNA is differentially regulated to
distinct autonomic targets and the patterns observed in whole nerves are statedependent. Whether different states also change the CRD-related patterns
observed in individual medullary cardiovascular-related neurons or simply alter
which neurons are active remains to be determined.

Summary
In summary, the present study provides evidence for the integration of
cardiovascular and respiratory controls within the CVLM in rats. GABAergic CVLM
neurons are believed to play a major role in regulating the activity of pre-sympathetic
RVLM neurons and to have an essential role in the production of many autonomic
reflexes. Data from previous microinjection studies and recordings from individual
CVLM neurons in the present study suggest that the CVLM may also provide CRDrelated modulation of pre-sympathetic RVLM neurons, SNA, and AP. The present
study suggests the CVLM may shape CRD-related patterns in SNA by providing
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inspiratory-and expiratory-related depressions and restraint of prominent postinspiratory peaks in SNA. In addition, the absence of CVLM neuronal activity may
allow inspiratory-related peaks in SNA. Further study will be necessary to determine
the mechanisms underlying CRD-related modulation of bare-activated GABAergic
CVLM neurons and to understand how or whether CVLM neurons with particular
CRD-related patterns are connected to-baro-inh!bited neurons within the
ventrolateral medulla.
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ABSTRACT
Hypoxia elevates splanchnic SNA with differential effects during inspiration
and expiration by unresolved central mechanisms. We examined the hypothesis
that the caudal ventrolateral medulla (CVLM) contributes to the complex sympathetic
response to hypoxia. In chloralose-anaesthetized, ventilated, vagotomized rats,
acute hypoxia (10% 02, 60s) evoked an increase in SNA (103

± 12 %) that was

characterized by a decrease in activity during early inspiration followed by a
prominent rise during expiration. Some recorded baro-activated CVLM neurons (n =
13) were activated by hypoxia, and most of these neurons displayed peak activity
during inspiration that was enhanced during hypoxia. In contrast, other baroactivated CVLM neurons were inhibited during hypoxia (n =6), and most of these
neurons showed peak activity during expiration prior to the onset of hypoxia.
Microinjection of the glutamate antagonist kynurenate into the CVLM eliminated the
respiratory-related fluctuations in SNA during hypoxia and exaggerated the
magnitude of the sympathetic response. In contrast, microinjection of a GABAA
antagonist (bicuculline or gabazine) into the CVLM dramatically attenuated the
sympathetic response to hypoxia. These data suggest the response to hypoxia in
baro-activated CVLM neurons is related to their basal pattern of respiratory-related
activity, and changes in the activity of these neurons may contribute to the
respiratory-related sympathetic responses to hypoxia. Furthermore, both glutamate
and GABA in the CVLM contribute to the complex sympathetic response to acute
hypoxia.
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INTRODUCTION
Stimulation of peripheral chemoreceptors by inhalation of hypoxic air or
systemic injection of cyanide produces physiological responses to promote
enhanced gas exchange at the lungs and maintain cardiovascular function. To
achieve this effect, central respiratory drive is increased and sympathetic vasomotor
nerves are prominently activated (Marshall, 1994; Guyenet, 2000). Elimination of
inputs from carotid sinus nerves or inhibition of the rostral ventrolateral medulla
(RVLM) prevents the sympathetic response to acute hypoxia, suggesting these
structures are necessary for the hypoxia-induced increase in SNA (Czyzyk-Kreska &
Trzebski, 1990; Koshiya eta/. 1993). Additionally, brain transection experiments
show neural structures caudal to the inferior colliculus are sufficient for the full
expression of the sympathetic chemoreceptor reflex (Koshiya and Guyenet, 1994).
Hypoxia-induced activation of SNA is complex with respiratory-related
oscillations superimposed upon tonic, respiratory-independent changes that likely
occur by distinct central mechanisms (Guyenet, 2000; Guyenet & Koshiya, 1995).
Specifically, SNA is selectively reduced during inspiration, but massively activated
during expiration to contribute to the overall rise in SNA (Dick eta/. 2004; CzyzykKreska & Trzebski, 1990). Neurons in the caudal NTS receive projections from the
chemoreceptor afferent nerves, increase their discharge upon chemoreceptor
stimulation, and have projections toward pre-sympathetic neurons in the RVLM
(Mifflin, 1993; Koshiya & Guyenet, 1996). These neurons are not modulated by
central respiration, implying the direct projection from the NTS to the RVLM
contributes to the tonic, but not respiratory-related changes in SNA during hypoxia
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(Mifflin, 1993). The mechanisms responsible for producing hypoxia-induced,
respiratory-related changes in single RVLM neurons (McAllen, 1992; Koshiya et at.
1993; Koganazawa & Terui, 2007) and in peripheral sympathetic nerves (Dick et at.
2004; Czyzyk-Kreska & Trzebski, 1990; Guyenet, 2000) are not well understood.
Although the caudal ventrolateral medulla (CVLM) does not appear to be
essential for tonic hypoxia-induced increases in SNA, inhibition of neuronal activity in
the region of the CVLM eliminates respiratory-related oscillations in SNA and RVLM
neurons during acute hypoxia (Koshiya & Guyenet, 1996). However, the identity of
the critical CVLM neurons is not known. The CVLM contains GABAergic neurons
that provide tonic and baroreflex-driven inhibition of the activity of pre-sympathetic
RVLM neurons (Schreihofer & Guyenet, 2003). Bam-activated GABAergic CVLM
neurons display diverse respiratory-related activity inversely related to patterns
found the RVLM (Mandel & Schreihofer, 2006). In addition, selective blockade of
glutamatergic neurotransmission in the CVLM region modifies the respiratory-related
modulation of single RVLM neurons, SNA, and AP (Miyawaki eta/. 1996). We
hypothesized that bam-activated CVLM neurons respond to acute hypoxia in a
manner that could contribute the respiratory-related changes in SNA during acute
hypoxia. Furthermore, because antagonism of glutamate and GABA receptors in
the CVLM alters AP via changes in SNA (Sved

et at.

1985; Schreihofer et a/. 2005),

and these neurotransmitters are also common to the neural network that enhances
central respiratory drive during hypoxia (Burton & Kazemi, 2000), we hypothesized
that selective inhibition of these excitatory or inhibitory influences upon the CVLM
will alter the sympathetic responses to hypoxia.
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METHODS

All experiments were performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. All animal protocols were
reviewed and approved by the Medical College of Georgia Institutional Animal Care
and Use Committee.

Surgical Preparation
Male Sprague-Dawley rats (275-375g, Harlan, www.harlan.com) were
anaesthetized with 5% isoflurane in 100% 02 and maintained at 1.9% for surgical
procedures as previously described (Mandel and Schreihofer, 2006). A femoral vein
was cannulated for injection of drugs, and a brachial artery was cannulated for
measurement of AP. The trachea was cannulated for artificial ventilation (Model
683, Harvard Apparatus, www.harvardapparatus.com). Rectal temperature was
monitored and maintained at 37"C (TC-1000, Charles Ward). After confirmation of
adequate anesthesia level (absence of a corneal reflex or <1 0 mmHg increase to
firm toe pinch) the animal was given a neuromuscular blocker (pancuronium, 1
mg/kg i.v., Abbott Labs), and then the cervical vagus nerves were sectioned
bilaterally. An inflatable snare was positioned around the abdominal aorta for the
production of rapid increases in upper body AP (Brown & Guyenet, 1985;
Schreihofer & Guyenet, 2003) to test CVLM neurons for barosensitivity. The rat was
placed in a sterotaxic frame (David Kopf Instruments, www.kopfinstruments.com)
with the bite bar at -11 mm. The left splanchnic sympathetic nerve was isolated,
placed on two bared silver wires (250 um bare diameter, A-M systems, www.a-
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msystems.com) and embedded in polyvinylsiloxane (Darby Dental,
www.darbydental.com). The dorsal surface of the brainstem was exposed by a
partial occipital craniotomy, and the mid thoracic spinal cord was clamped to ensure
stable brain stem recordings. The left phrenic nerve was isolated from a dorsolateral
approach, placed on silver wires, cut distally, and embedded in polyvinylsiloxane.
After completion of surgery, a-chloralose (30 mg/ml in 2% sodium borate) was slowly
infused (60mg/kg i.v. initial dose, 20 mg/kg hourly supplements) while isoflurane was
terminated. Animals were allowed to stabilize for 30 minutes before the onset of
recordings. At each hour the adequacy of anesthesia was verified, and then
pancuronium was supplemented (0.3 mg/kg).
Rat~:?

were ventilated with 100% oxygen to minimize baseline chemoreceptor

activity. Parameters were adjusted to maintain end-tidal C02 between 4.5-5.5%
(1 ml/100g body weight at -60 breaths/min; CapStar-100, Charles Ward Electronics,
www.cwe-inc.com). To separate coupling between central respiratory drive and
physical ventilation, the ventilation rate was adjusted slightly to dissociate end-tidal
C02 waves from bursts of PND.

Extracellular recordings of CVLM neurons
Extracellular recordings from individual CVLM neurons were performed as
previously described (Schreihofer & Guyenet, 2003, Mandel and Schreihofer, 2006,
Mobley eta/. 2006). Glass electrodes (World Precision Instruments,
www.wpiinc.com) filled with 1.5% biotinamide (Molecular Probes,
www.probes.invitrogen.com) in 0.5 M sodium acetate were pulled to an optimal
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resistance of 10-20 MO measured in vivo. The signal was amplified and filtered
(Neuroprobe 1600, A-M Systems and Neurolog, Digitimer), and the firing rate was
counted using a spike trigger (Neurolog, Schreihofer and Guyenet, 2003, Mandel
and Schreihofer, 2006).
In agreement with previous studies, (Schreihofer & Guyenet, 2003, Mandel &
Schreihofer, 2006, Mobley eta/. 2006), CVLM neurons activated by increased AP
·were located 0.9- 1.4 mm rostral and 1.8- 2.0 mm lateral from calamus scriptorius
and 2.4 - 2.8 mm ventral to the dorsal surface of the brainstem. Only neurons
meeting the following criteria were considered for study: 1) spontaneous activity
under resting conditions, 2) brisk increase in discharge with increased AP, 3) strong
modulation by the AP pulse during increased AP, 4) no obvious respiratory-related
activity (seen only with phrenic triggered histograms). Neurons with these
characteristic have been shown to be GABAergic and have axonal projections
toward the RVLM (Jeske and Morrison, 1993; Schreihofer and Guyenet, 2003;
Mandel and Schreihofer, 2006).

Microinjections into the CVLM and RVLM
Microinjections were delivered by pulled glass pipettes with a tip diameter of
40-50[.1m. All drugs were dissolved in artificial cerebrospinal fluid (CSF) and slowly
injected over 30 seconds in a 100 nl volume (Picospritzer Ill, Parker
Instrumentation). Glutamate (1 nmol) was microinjected into the pressor region of
the RVLM as previously described (1.7 mm lateral from the midline, 1.6 mm rostral
to calamus scriptorius, and 2.9 mm below the dorsal surface of the brain stem with

90
the pipette angled 20° degrees rostrally; Schreihofer eta/. 2005). Microinjections
into the CVLM were placed where bare-activated neurons are found (1.0 mm rostral,
1.8 mm lateral from calamus scriptorius; 2.6 mm ventral to the dorsal surface of the
brainstem; Mobley eta/. 2006). The GABAA agonist, muscimol (100 pmol) was
injected to globally inhibit the CVLM. Kynurenate (5 nmol) was injected to
antagonize ionotropic glutamate receptors, and bicuculline (50 pmol) or gabazine
(135 pmol) was injected to antagonize GABAA receptors. CSF was injected as a
vehicle control.
In a subset of rats the drugs were mixed with 5% red or. green latex
microspheres (Lumiphore) for histological confirmation of the injection sites. Rats
were perfused with 4% formaldehyde and brains were stored in the same fixative for
48 hours. The brain stems were sectioned coronally at 50 11m using a Vibratome.
Sections were mounted onto glass slides, and coverslips were affixed with Krystalon
(VWR). Injection sites were visualized under epifluorescence using an Olympus
microscope (BX60). Using the Neurolucida system and a Ludl motor-driven stage,
the outlines of the sections containing injection sites were drawn along with the
injection sites and nearby landmarks as previously described (Schreihofer and
Guyenet, 2003).

Activation of the peripheral chemoreflex
Peripheral chemoreceptors were stimulated in two ways to elicit the
characteristic sympathetic response. To induce hypoxia the ventilated 100% 0 2 was
replaced with 10% 0 2 (balanced by nitrogen) for 60 seconds. In addition, peripheral
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chemoreceptors were stimulated by injection of sodium cyanide (1 00 IJg/kg, iv).
Given the exquisite sensitivity of the CVLM neurons to changes in AP, these two
stimuli provided means to stimulate SNA with opposing effects on AP.

Data Analyses
The analog signals were converted to a digital output (Micro1401, Cambridge
Electronic Design, www.ced.co.uk), and all physiological variables were viewed
online (Spike2 software, Cambridge). The activities from the phrenic and splanchnic
sympathetic nerves were sampled at 4 KHz and filtered (1 00 Hz to 1 KHz with 60 Hz
notch filter, Differential AC amplifier 1700, A-M Systems; Mandel and Schreihofer,
2006). Raw SNA was amplified such that the largest bursts yielded a 1-3 V signal,
and all experiments were performed with the same amplification settings. SNA and

PND were full-wave rectified using the Spike2 rectify function and averaged using
the Spike2 smooth function (0.1 s bins). Phrenic triggered histograms of SNA and
CVLM activity were created using 30 seconds of baseline activity and 30 seconds of
activity during hypoxia (0.1 s bins, 4 s window, 20-25 sweeps). Pulse triggered
histograms of CVLM activity were created using 300 seconds of baseline activity
(0.01 s bins, 1 s window, -1500 sweeps).
Extracellular CVLM neuronal activity was sampled at 8 KHz and filtered (300
Hz to 5 kHz, Neurolog System, Digitimer Ltd, www.digitimer.com; Mandel and
Schreihofer, 2006). The CVLM unit activity was counted in 1-sec bins. Histograms
were created triggering from the onset of PND (Mandel and Schreihofer, 2006).
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Statistics
Changes in SNA (voltage) and firing rate of CVLM neurons with hypoxia and
cyanide were analyzed by paired !-tests. For statistical analysis of changes in SNA,
the voltages measured from full-wave rectified raw signals were utilized. Baseline
SNA was measured as the average voltage during the 30 seconds prior to a
physiological manipulation, and minimum SNA (0%) was determined at the end of
an experiment after the SNA was totally silenced by injection of clonidine (1 00 J.lg/kg,
Sigma). The relationship between respiratory-related pattern of CVLM unit activity
prior to hypoxia and type of response to hypoxia was examined by Chi-Square
analysis.
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RESULTS
Physiological responses to stimulation of the peripheral chemoreceptors

Before exposure to hypoxia, a predominant peak in activity coincident with
inspiration was evident in SNA (Fig. 24A, B, C, D, and F). Hypoxia evoked a 103 ±
12% increase in mean SNA (n = 25, P <0.05; Fig. 24E) with strong oscillations
related to the respiratory cycle. During hypoxia SNA was reduced during early
inspiration and elevated during both phases of expiration (Fig. 24F), as previously
reported (Dick et at. 2004). In the same animals, injection of sodium cyanide briefly
increased SNA 487

± 53% (see

Fig. 25A). Evaluation of the respiratory-related

fluctuations in SNA was not possible during this manipulation due to the short
duration of the response.
Hypoxia produced an initial wavering of AP followed by a significant decrease
(-26 ± 4 mmHg) during the latter half of the 60 second stimulus (see Fig. 25A). In
contrast, injection of cyanide increased AP (36 ± 4 mmHg) coincident with the burst
in SNA (see Fig. 25A).

Responses of baro-activated CVLM neurons to hypoxia and cyanide

Baro-activated, pulse-modulated CVLM neurons displayed diverse patterns of
respiratory-related activity and responses to activation of peripheral chemoreceptors
by ventilation with hypoxic air or injection of sodium cyanide. In all cases, the
response of a CVLM neuron to hypoxia was qualitatively mimicked by injection of
sodium cyanide despite opposing effects on AP.
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Fig. 24. Effects of hypoxia on phrenic and splanchnic sympathetic nerve activity
A: Raw tracings of end tidal C0 2, PND, SNA, integrated (Int.) nerve activities, and
AP at baseline and during the hypoxia protocol. Ba, Ca, Da: Phrenic-triggered
histograms from 3 rats to display SNA in relation to central respiratory drive (made
with 30 s of baseline SNA and PND). Bb, Cb, Db: The final30 seconds of activity
during 60 seconds of 10% 02 inhalation was used to evaluate SNA in relation to
PND during hypoxia in the same 3 rats from Ba, Ca, Da. E: Mean SNA collected for
30 seconds at baseline and during hypoxia (inside boxes in A). F: Mean SNA was
evaluated during the early inspiratory (Early 1), late inspiratory (Late 1), early
expiratory (Early E), and late expiratory (Late E) phases of respiration. Open bars
represent SNA at baseline. Solid bars represent SNA during hypoxia. * Indicates
significant difference from baseline value during that period.
difference from values during both phases of inspiration.
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Fig. 25. Examples of baro-activated CVLM neurons activated by hypoxia. A: This
CVLM neuron was activated by raising AP (snare), i. v. injection of sodium cyanide
(CN), and inhalation of hypoxic air (bar= 60s of hypoxia). B: Phrenic-triggered
histogram of CVLM neuronal activity using 30 seconds of baseline activity (Ba) and
30 sec during hypoxia (Bb). C: Phrenic-triggered histogram of another baroactivated, hypoxia-activated CVLM neuron at baseline (Ca) and during hypoxia (Cb).
The CVLM units were counted in 0. 1 sec bins.
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Thirteen recorded bam-activated CVLM neurons displayed significantly
increased firing rate during hypoxia and following cyanide injection (Fig. 25; Table
IV). Under basal conditions of 100% Oz, most bam-activated CVLM neurons
activated by hypoxia (11/13) exhibited a clear peak in neuronal activity during the
inspiratory phase of respiration (Figs. 25Ba and Ca). The inspiratory-related activitY
of these CVLM neurons was maintained or enhanced during hypoxia (Figs. 25Bb
and Cb).
In contrast, the firing rate of 6 bam-activated CVLM neurons was greatly
reduced or silenced during exposure to hypoxia or cyanide (Fig. 26A and 0: Table
IV). The basal firing rates were comparable to hypoxia-activated CVLM neurons
(Table IV). However, at baseline most (5/6) hypoxia-inhibited CVLM neurons had
peak neuronal activitY during the expiratory phase of respiration with decreased
· activitY during inspiration (Fig. 26C). Changes in respiratory-related activitY during
hypoxia could not be evaluated for these 6 CVLM neurons due to the dramatically
reduced firing rate.

I
Effects of inhibition or antagonism of glutamatergic receptors in the CVLM on the
sympathetic responses to hypoxia
Microinjection of vehicle (CSF) into the CVLM did not alter baseline AP or
SNA (Table V) or the sympathetic response to hypoxia or cyanide (20 ± 11 mV vs.
25 ± 11 mV, P = 0.37 for hypoxia; 90 ± 26 mV vs. 78 ± 22 mV, P = 0.34 for cyanide).
Thus, the magnitude of sympathetic responses to hypoxia and cyanide is repeatable
under our experimental conditions within this time frame (1 0-15 min).
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Fig. 26. Examples of baro-activated CVLM neurons inhibited by hypoxia. A: This
CVLM neuron was activated by raising AP (snare), but inhalation of hypoxic air (60s
at bar) inhibited the firing of this neuron. B: Phrenic-triggered histogram shows

a

depression of inspiratory-related activity in this CVLM neuron during baseline. C:
Phrenic-triggered histogram

o; another baro-activated CVLM neuron shows peak

neuronal activity during the expiratory phase of respiration at baseline. The activity
of these CVLM units was counted in 0.1 second bins. D: Injection of CN inhibits the
firing of this baro-activated CVLM neuron concomitant with increases in SNA and
AP.
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Table IV. Firing rates of bam-activated CVLM neurons at baseline and during
stimulation of peripheral chemoreflex.

Baseline
(spikes/sec)

During Hypoxia
(spikes/sec)

During Cyanide
(spikes/sec)

Activated CVLM
neurons (n=13)

3.3 ± 0.5
(0.9- 6.9)

9.4 ± 1.2*
(2.9 -14.1)

11.8 ± 1.3*
(7.3- 20)

Inhibited CVLM
neurons (n=6)

3.4 ± 0.9
(0.5- 6.3)

1.7± 1.1*
(0.0- 4.8)

0.2 ± 0.1*
(0.0- 0.5)

Values are mean ± SE. Values enclosed by parentheses represent the range of
sampled values. * indicates significant change from baseline, P <0.05
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Bilateral microinjection of the glutamate antagonist kynurenate (n

=5) into the

CVLM greatly increased SNA and AP (Fig. 27A; Table V). These microinjections
also silenced PND as previously reported (Koshiya eta/. 1993). After
microinjections of kynurenate, the hypoxia-induced increase in SNA was largely
tonic, lacking obvious oscillatory changes in SNA that were previously seen in
relation to PND (Fig. 278 and C). In addition, the magnitude of the sympathetic
response to hypoxia or cyanide was enhanced (Fig. 270 and E).
Much like kynurenate, microinjection of the GABAA agonist muscimol to
silence the activity of neurons in the CVLM region (n = 6) increased SNA and AP
{Table V) while silencing PND. The respiratory-related bursts in SNA that occur
during hypoxia were also eliminated by microinjection of microinjection into the
CVLM, and the mean increase in SNA during hypoxia (26 ± 6 mV vs. 152 ± 17 mV,

P <.05) and cyanide (88 ± 19 mV vs. 213 ± 28 mV, P <.05) was similarly
exaggerated after microinjection of muscimol into the CVLM (P <.05).
To determine whether inhibition of CVLM activity enhanced the ability of
glutamate to excite the RVLM, we microinjected glutamate into the RVLM before and
after microinjection of muscimol into the CVLM (n = 5). The sympathetic response to
microinjection of glutamate into the RVLM at baseline was not significantly larger
than the SNA response after inhibition of CVLM activity (91 ± 17 mV vs. 143 ± 39
mV, P= .11).
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Fig. 27. Effects of antagonism of glutamate receptors in the CVLM on the
sympathetic responses to hypoxia and cyanide. A: Inhalation of hypoxic air or
injection of CN increased SNA before and after bilateral microinjection of kynurenate
into the CVLM. Kynurenate significantly increased SNA and AP (Table 2). Bars
under traces of AP = 60 s exposure to hypoxia. B: At baseline, respiratory-related
bursts in SNA are present in the sympathetic response to hypoxia. C: After
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sympathetic response to hypoxia (D) or CN (E) was significantly larger after
antagonism of glutamate receptors in the CVLM. * indicates significant difference
from control values.
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Table V. Physiological responses to microinjections into the CVLM.

N

Baseline AP
(mmHg)

Treatment AP
(mmHg)

SNA
(%of
baseline)

Vehicle

3

108 ± 12

109 ± 12

101 ± 6

Bicuculline

8

124±4

94 ± 10*

60 ± 10*

Gabazine

8

123±4

104 ± 6*

52± 7*

Strychnine

5

129 ± 8

124±8

98± 5

Muscimol

11

111 ± 5

183 ± 4*

639 ± 85*

Kynurenate

5

112 ± 2

189 ± 4*

670 ± 182*

Values are mean ± SE. * indicates significant change from baseline, P <0.05
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Effects of antagonism of GABAA receptors in the CVLM on the sympathetic .
responses to hypoxia

Microinjection of the GABAA antagonists gabazine (n = 6) or bicuculline (n =
5) into the CVLM produced comparable decreases in SNA and AP (Table V).
Because the physiological changes evoked by these antagonists were equivalent,
the data was pooled for analyses. In addition to effects on AP and SNA,
microinjection of gabazine or bicuculline into the CVLM often reduced the amplitude
of PND and altered the frequency and duration of PND. This prevented the reliable
examination of SNA in relation to PND during antagonism of GABAA receptors in the
CVLM. Exposure to hypoxia following gabazine or bicuculline dramatically reduced
the magnitude of the hypoxia-induced increase in SNA versus the control response
(Fig. 28). In addition, the cyanide-evoked increase in AP was significantly
attenuated (23 ± 5 mmHg vs. 9 ± 1 mmHg, P <0.05).
To ensure that microinjection of bicuculline or gabazine into the CVLM did not
reduce the ability of glutamate to activate pre-sympathetic RVLM neurons, we
microinjected glutamate into the RVLM before and after microinjection of gabazine
(n=2) or bicuculline (n=3) into the CVLM. The sympathetic response to
microinjection of glutamate into the RVLM was not altered by antagonism of GABAA
receptors in the CVLM (Fig. 29). Microinjection sites were confirmed histologically
(Fig. 30).
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Fig. 28. Effects of antagonism of GABAA receptors in the CVLM on the sympathetic
responses to hypoxia and cyanide. A: Inhalation of hypoxic air or injection of CN

increased SNA before and after bilateral microinjection of bicuculline into the CVLM.
Microinjection of bicucul/ine into the CVLM decreases SNA and AP (Table 2). Bars
under traces of AP

=60s exposure to hypoxia.

8: Prior to antagonism of GABAA

receptors in the CVLM, respiratory-related bursts in SNA are present in the
sympathetic response to hypoxia. C: After bicucul/ine, the sympathetic response to
hypoxia is significantly reduced. The hypoxia-induced (D) or CN-induced (E)
increases in SNA were greatly blunted by antagonism of GABAA receptors in the
CVLM. * indicates significant difference from control values.

104

SNA

200
150
AP
(mmHg) 100
50

0

Glutamate Glutamate
R-RVLM l·RVLM

+

++ +

CN

L,R Gabazlne CN
CVLM

c

B

++

Glutamate Glutamate
R-RVLM
L-RVLM

4.0
3.2

Change 60
inAP
(mmHg) 40

Change 2. 4
h>SNA
(I.JV) 1.6

20

•-•

·~~~;;;;;;;;

0 "-----';;;;;;;;;;'--;s;;;al::_;;~
CVLM

Fig. 29. Effects of antagonism of GABAA receptors in the CVLM on the ability of
glutamate to activate RVLM and SNA. A: Raw tracings of SNA and AP during the
experimental protocol. 8: The change in AP evoked by microinjection of glutamate
(1 nmol) into the RVLM is not altered after microinjection of bicuculline or gabazine
into the CVLM. C: The change in SNA after microinjection of glutamate into the
RVLM is not altered by microinjection of bicucul/ine or gabazine into the CVLM.
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Fig. 30. Representative RVLM and CVLM microinjection sites. A: Tracing of a
coronal hemi-section through the caudal medulla from a rat that received a
microinjection into the CVLM. B: Tracing of a coronal hemi-section through the
rostral medulla from a rat that received a microinjection into the RVLM. In each case
the spread of the injected dye is outlined in gray. Scale = 1 mm.
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DISCUSSION
Acute hypoxia activates peripheral chemoreceptors to stimulate SNA with
oscillations linked increased drive in the central respiratory cycle. Previous studies
have suggested the CVLM is not necessary for the tonic excitation of SNA produced
by acute hypoxia, but may play a role in the respiratory-related changes in SNA
seen under this condition (see Fig. 27; Koshiya eta/. 1993; Koshiya and Guyenet,
1996). A major finding of the present study is that bare-activated CVLM neurons
show robust and differential responses to stimulation of the peripheral
chemoreceptors by hypoxia or cyanide. The nature of the CVLM neuronal response
was predicted by the basal pattern of respiratory-related activity, and these changes
were consistent with and inversely related to the hypoxia-induced changes in SNA.
In addition, the sympathetic response to hypoxia was enhanced by blocking
excitation of the CVLM but reduced by blocking inhibition of the CVLM. These data
suggest glutamate and GABA influence inhibitory CVLM neurons to contribute to the
magnitude and patterning of the sympathetic response to the activation of peripheral
chemoreceptors.

Recordings of CVLM neurons
An assumption of the present study is that the recorded CVLM neurons are a
sample of the population that inhibits pre-sympathetic RVLM neurons and SNA.
Pharmacological studies suggest that GABAergic neurons in the CVLM tonically
inhibit the RVLM to reduce SNA (Willette eta/. 1984; Blessing, 1988; Schreihofer et
a/. 2005), and evoke sympatho-inhibitory reflexes such as the arterial baroreflex
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(Gordon, 1987; Koshiya & Guyenet, 1996). In the present study we recorded in the
region of the CVLM neurons that contains GABAergic bare-activated neurons with
axonal projections to the RVLM (Schreihofer & Guyenet, 2002; Minson et a/. 1997;
Chan and Sawchenko, 1998). Our criteria for selecting the neurons included robust
activation by increased AP (Schreihofer & Guyenet, 2003; Mandel & Schreihofer,
2006) and a location -150-200 1Jm ventral to recorded central respiratory neurons
(Mandel and Schreihofer, 2006; Gieroba eta/. 1992). Furthermore, the activity of
these recorded CVLM neurons, which was generally inversely related to SNA and
presumed RVLM neuronal activity, showed predominant firing during systole (see
Fig. 26; Schreihofer & Guyenet, 2003) and distinct patterns of activity related to the
central respiratory cycle (see Figs. 25 and 26; Mandel & Schreihofer, 2006). In
previous studies from this laboratory (Mandel & Schreihofer, 2006; Schreihofer &
Guyenet, 2003; Mobley eta/. 2006), all juxtacellularly labeled CVLM neurons with
these selection criteria expressed GAD67 mRNA, suggesting a GABAergic
phenotype. Although we cannot prove we are recording from the essential
sympatho-inhibitory neurons, CVLM neurons with these properties are the most
likely candidates to inhibit the RVLM to reduce SNA and AP.
The proportion of recorded CVLM neurons with peak activity during expiration
versus those peaking during inspiration was not equivalent in the present study.
However, our previous study evaluating the respiratory-related modulation of
baroactivated CVLM neurons (Mandel & Schreihofer, 2006) found a comparable
number of neurons with peak activity during expiration (n=24) versus inspiration
·(n=25). Because these studies involve a random sampling from a larger population
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of neurons, the true ratio of CVLM neurons with these particular patterns of
respiratory-related activity and responses to hypoxia are not known. Thus, these
data serve to document the existence of both types of neurons but not their
proportion within the population or the ratio needed to evoke the observed
sympathetic responses to hypoxia.

Activation of the CVLM by the peripheral chemoreflex
A subset of recorded bam-activated CVLM neurons was excited by inhalation
of hypoxic air or by i.v. injection of sodium cyanide. These data are in agreement
with a previous report of hypoxia-induced excitation of bam-activated CVLM neurons
antidromically activated from the RVLM in rabbits (Gieorba eta/. 1992). In the
context of that study it was seemingly paradoxical how the activation of inhibitory
CVLM neurons could contribute to the resulting increase in SNA. However, with
analyses in the context of the central respiratory cycle, sympathetic responses to
hypoxia can readily be explained by the activation of certain inhibitory CVLM
neurons. In the present study most CVLM neurons activated by hypoxia displayed a
peak in activity during inspiration that was enhanced by hypoxia, coincident with a
hypoxia-induced depression in SNA during inspiration. Furthermore, the hypoxiaenhanced, inspiratory-related activity in bam-activated CVLM neurons may also
promote the hypoxia-induced depression of RVLM neuronal activity observed during
the inspiratory phase (Koshiya eta/. 1993) and contribute to the complete inhibition
of some RVLM neurons during activation of the peripheral chemoreflex (Koshiya et
al. 1993; Koganezawa & Terui, 2007; McAllen, 1992).
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Although the injection of cyanide also evoked a small rise in AP that could
contribute to the excitation of the baro-activated CVLM neurons, it does not fully
explain their response to the stimulus. Cyanide produced a dramatic increase in the
activity of these CVLM neurons that was much larger than the response to raising
AP alone (see Fig. 25). In addition, the cyanide-activated CVLM neurons were
always excited by hypoxia, which sometimes produced a decrease or no significant
change in AP (see Fig. 25). Indeed, during hypoxia these neurons sustained activity
during decreases in AP that would have normally led to a significant reduction in
firing or silencing of CVLM neuronal activity. These data suggest that
chemoreceptor-related activation via predominantly inspiratory-related inputs is
capable of sustaining the activity of CVLM neurons that would be silent in the
absence of tonic inputs from arterial baroreceptors.
The neurotransmitter tpat produces the inspiratory-related peak in activity in
some baro-activated CVLM neurons during hypoxia is not known, but several lines
of evidence indicate that glutamate in the CVLM promotes inspiratory-related
depression of RVLM neuronal activity and SNA under resting conditions. Some presympathetic RVLM neurons no longer show depressed activity during inspiration
when CVLM activity is silenced by microinjection of the GABAA agonist muscimol
(Koshiya & Guyenet, 1996), and this response is mimicked by blockade of
glutamatergic receptors in the CVLM (Miyawaki eta/. 1996). In contrast, other
RVLM neurons display postinspiratory peaks that are enhanced by blockade of
glutamatergic receptors in the CVLM (Miyawaki eta/. 1996). These data suggest
that a subset of CVLM neurons are activated by glutamate to suppress RVLM
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activity and SNA during discrete portions of the central respiratory cycle, which could
serve to produce inspiratory depressions observed in some RVLM neurons and limit
the post inspiratory-related peaks in other RVLM neurons.

Hypoxia and baro-activated CVLM neurons
Whether the abolition of respiratory-related fluctuations in SNA during hypoxia
after blockade of glutamate receptors in the CVLM is due to the silencing of local
central respiratory neurons themselves, as PND is eliminated, or by the silencing of
bam-activated CVLM neurons cannot be determined by the present study.
However, it is possible to eliminate PND by microinjections of kynurenate into the
vicinity of the CVLM without disrupting hypoxia-induced, respiratory-related
fluctuations in SNA (Koshiya et a/. 1993), suggesting the two effects of the
antagonism of glutamate receptors in the CVLM can be dissociated. In the present
study inhibition of the CVLM either by muscimol or kynurenate raised SNA and
yielded enhanced sympathetic responses to cyanide and hypoxia. These data
suggest that elimination of the buffering influence of the CVLM allows other inputs to
the RVLM to raise SNA unchecked. The persistence of the sympathetic response to
activation of the chemoreceptors after inhibition of the CVLM has been reported
previously (Koshiya et al. 1993; Koshiya & Guyenet, 1996), but in those studies the
magnitude of the sympathetic response was not enhanced. This difference may berelated to the balance of the excitatory and inhibitory influences to the RVLM under
resting conditions dictated by the state of the animal (see Fig. 31 ). In either case,
excitation of the CVLM by glutamate appears to contribute to respiratory-related
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Respiratory
neurons

(+)
SNA
Fig. 31. Proposed model for the impact of CVLM activity on RVLM activity during
hypoxia. Ventilation with hypoxic air decreases arterial p02 and stimulates the
peripheral chemoreceptors to initiate the chemoreceptor reflex (for comprehensive
review see Guyenet, 2000). Chemoreceptor afferents activate neurons in the caudal
region of the nucleus tractus solitarius (cNTS). By means of a direct, respiratoryindependent input to the RVLM, cNTS neurons activate the RVLM to increase SNA.
The cNTS neurons also innervate neurons central respiratory neurons and promote
enhanced central respiratory drive (increase PND); Within the CVLM are
populations of baro-activated neurons with principal respiratory-related activity
during inspiration (I) or respiratory-related activity during expiration (E). The I baroactivated neurons are activated by hypoxia, which in turn suppresses I activity in the
RVLM and SNA during hypoxia. The E baro-activated neurons are inhibited during
hypoxia and facilitate the excitation of RVLM neurons and SNA during the expiratory
phase of respiration.
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shaping of pre-sympathetic RVLM neuronal activity and SNA, and this input is
strengthened by activation of peripheral chemoreceptors.

Inhibition of the CVLM by the peripheral chemoreflex
The activity of a separate subset of bare-activated CVLM neurons was
reduced or silenced by hypoxia or i.v. injection of sodium cyanide. These hypoxiainhibited CVLM neurons were primarily active during the expiratory phase of the
central respiratory cycle under normoxic conditions. Inhibition of these CVLM
neurons could promote the observed hypoxia-induced increase in RVLM activity and
SNA observed during the expiratory phase of the central respiratory cycle (Dick eta/.
2004; Koshiya eta/. 1993). Furthermore, silencing of these CVLM neurons may
contribute to the hypoxia-induced increased activity of RVLM neurons during all
phases of the central respiratory cycle (McAllen, 1992; Koshiya eta/. 1993;
Koganezawa & Terui, 2007). The hypoxia-induced reductions in CVLM neuronal
activity occurred without correlation to the changes in AP, which were usually small
at the onset of the stimulus and highly variable due to the concomitant rise in SNA
offset by the direct vasodilatory effects of hypoxia (Daugherty eta/. 1967; Marshall,
1994). Strikingly, bare-activated, hypoxia-inhibited CVLM neurons were also
silenced during by i.v. injection of sodium cyanide despite a substantial rise in AP.
Indeed, the excitatory input to the bare-activated CVLM neurons with increased AP
was overpowered by the inhibitory influence evoked by stimulation of peripheral
chemoreceptors. These data suggest that although baroreceptors can provide a
powerful drive for these neurons, other inputs can dominate to inhibit their activity.
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The neurotransmitter responsible for inhibiting bare-activated, expiratory-related
CVLM neurons during hypoxia is not known, but GABA is a likely candidate.
Blockade of GABAA receptors in the CVLM reduces SNA and AP (Fig. 28, Sved

et

a/. 1985), suggesting tonic GABAergic inputs to the CVLM normally facilitate RVLM
neuronal activity and SNA. Blockade of GABAA receptors in the region of the CVLM
greatly attenuated and sometimes eliminated the hypoxia-induced increase in SNA,
suggesting inhibition of the CVLM normally facilitates the response. This surprising
finding was confirmed using two different GABAA antagonists, gabazine and
bicuculline. One possible interpretation of this observation is that altered CVLM
activity influences the ability of glutamate from other sources to excite RVLM
neurons during stimulation of the peripheral chemoreceptors. To address this issue,
we microinjected glutamate directly into the RVLM before and after microinjection of
GABAA agonists or antagonists into the CVLM. Our results suggest the putative
enhanced CVLM neuronal activity with blockade of GABA receptors in the CVLM
does not influence the ability of glutamate to drive RVLM activity. Thus, it appears
that GABA provides a tonic influence upon CVLM neurons that inhibit the RVLM and
SNA, and that this input is stimulated by hypoxia to facilitate the sympathetic
response.

Summary

These data highlight previously unappreciated roles for the CVLM as a
contributor to both the magnitude and the patterning of the sympathetic response to
acute hypoxia. Both glutamate and GABA appear to tonically regulate the CVLM
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neurons that restrain the RVLM and SNA, and central respiratory neurons may
either influence or supply these inputs to the CVLM. In addition, the sympathetic
response to stimulation of peripheral chemoreceptors appears to be dampened by
glutamatergic inputs to the CVLM and enhanced by GABAergic inhibition of CVLM
during different phases of the central respiratory cycle. These data highlight the
importance of examining the pattern of sympathetic responses in addition to gross
changes in magnitude. Indeed, changes observed in relation to the central
respiratory cycle in SNA are well-matched and inversely related to the activity of
putative inhibitory neurons in the CVLM. Without such analysis, the meaning of the
diverse responses in the CVLM would be difficult to place into a meaningful context.
These data suggest that during activation of the peripheral chemoreflex bareactivated CVLM neurons differentially shape the patterning of the activity of RVLM
neurons and SNA.
In the present study both baroreceptor-related and respiratory-related inputs
influenced the activity of the recorded CVLM neurons, and when opposing
influences were present either could predominate. Although we commonly refer to
these CVLM neurons as cardiovascular-related due to their barosensitivity and
presumed effects upon the SNA to cardiovascular targets, a re-evaluation of how
these neurons are classified is warranted. Perhaps these CVLM neurons should be
more aptly referred to as cardiorespiratory integrative neurons that not only tonically
inhibit SNA, but also promote the shaping of the rhythmic properties of the SNA that
maintains AP.

VI. Discussion
Integrated Discussion

Controlled delivery of oxygen and nutrients in blood to all tissues is essential
for life, and this process is highly dynamic for adaptation to a myriad of
circumstances while tightly regulated to ensure appropriate distribution within a
narrow operating range. One way of regulating blood flow is by modifying SNA,.
which affects both peripheral vascular resistance and cardiac function. Subtle
changes in body orientation, activity level, or environmental conditions evoke
changes in SNA that promote appropriate perfusion of bodily organs. This can occur
to: 1) maintain a constant level of blood flow, 2) enhance blood flow to areas with
increased metabolic demand (i.e. the mesentery during digestion), or 3) decrease
blood flow to areas less critical in a given situation (e.g. the kidneys during exercise
or shock). A complex network of interconnected neurons located in the brain stem
regulates the SNA and AP to targets throughout the body. Three distinct areas of
the brain stem function together to integrate feedback from the periphery and
contribute to the regulation of SNA. Changes in pressure and oxygen concentration
in the arterial system of the body are sensed by peripheral mechano- and chemoreceptors respectively, and these changes are transmitted to neurons in the NTS. At
the level of the NTS, neurons process afferent information about the state of the
cardiovascular system and relay this information to the CVLM. At the level of the
CVLM, neuronal activities from the NTS and other brain areas are processed and
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then relayed to the RVLM via a GABAergic projection. At the level of the RVLM,
neurons integrate information from multiple inputs, including the CVLM, and project
to the spinal cord to drive SNA to the body. Within the NTS, CVLM, and RVLM,
signal processing is complex, and how the final output signal is produced for each of
these regions is not known.
The activity of neurons within the CVLM is the focus of this dissertation for
two reasons: this region of the brain has a clear, powerful ability to influence SNA
and AP; and relatively little is known about how the critical neurons in the CVLM are
regulated. Few investigations of the CVLM exist in the peer reviewed literature,
possibly for several reasons. The CVLM region is heterogeneous with neurons of
many functions. There is no cellular marker to identify the essential CVLM neurons
that influence SNA and AP. It is not possible to target only the bam-activated
GABAergic CVLM neurons that project to the RVLM with microinjection studies.
Bam-activated GABAergic CVLM neurons are difficult to locate for recordings due to
the small size and number of neurons. The studies presented here represent a
successful effort to learn more about how bam-activated GABAergic CVLM neurons,
in concert with the NTS and RVLM, contribute to the regulation of AP.
Conflicting data exists in the literature about whether the CVLM promotes or
inhibits SNA and AP in the absence of excitatory, arterial baroreceptor-related drive
from the NTS (Guyenet

et at.

1987; Dampney et at. 1988; Gieroba & Blessing, 1992;

Schreihofer et at. 2005; Moriera

et at.

2006). To address this issue, a serial

microinjection experiment was performed, which highlighted the depressor function
of the CVLM even after loss of input from the NTS (Mandel & Schreihofer, 2008). In
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addition, loss of neuronal activity in the NTS did not influence SNA after reducing AP
to levels sufficient to silence the activity of the arterial baroreceptors, supporting
previous conclusions by Schreihofer & Sved (1992). Stemming from these
experiments was that finding that with the respiratory state of the animal impacts the
magnitude of increased SNA and AP upon inhibition of the CVLM. These results
suggested that respiratory-related inputs to the CVLM may influence SNA. To test
the hypothesis that respiratory-related inputs influence the activity of CVLM neurons,
subsequent studies demonstrated that individual bam-activated, pulse-modulated,
GABAergic CVLM neurons, believed to impact SNA and AP regulation, have potent
respiratory-modulated activity. It was not surprising to see respiratory-related
rhythms in CVLM neuronal activity, but the high degree of this modulation suggested
that respiratory-related inputs to the CVLM may be a potent regulator of CVLM
activity. The proximal positioning of bam-activated CVLM neurons relative to the
neurons that generate central respiratory drive indicated a potential interaction, but
these data provided the first demonstration of respiratory-related activity in the bareactivated, pulse-modulated, GABAergic CVLM neurons believed to restrain SNA and
AP (Mandel & Schreihofer, 2006).
Decreased blood oxygen, or hypoxia, causes both respiratory and
cardiovascular changes in part due to changes in SNA. Many neuronal structures
have an implicated role in modulating the sympathetic response to hypoxia. The
CVLM was not previously thought to contribute to physiological changes associated
with acute hypoxia. However, single-unit electrophysiological recordings of bareactivated, pulse-modulated, respiratory-modulated CVLM neurons showed strong,
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differential responses to hypoxia. CVLM neurons with peak activity during the
inspiratory phase of respiration we~e excited during hypoxia, and CVLM neurons
with peak activity during expiration were inhibited during hypoxia. These changes in
CVLM activity may promote hypoxia-induced, respiratory-related changes in RVLM
activity and SNA. Furthermore, blockade of inhibitory or excitatory
neurotransmission in the CVLM had dramatic effects on the magnitude of the
sympathetic response to hypoxia. These data are consistent with the conclusion
that the CVLM has a paramount role in promoting changes in SNA and AP when
plasma levels of oxygen are low.
The results of experiments performed in this dissertation clarify previous
thoughts about the CVLM and introduce new ideas about how the CVLM influences
SNA and AP. These data support the hypothesis that CVLM neuronal activity
depresses SNA even in the absence of cardiovascular-related inputs from the NTS,
which raises a question about what drives CVLM activity when NTS inputs to the
region are diminished. Additional data suggests neuronal activity within the CVLM is
strongly modulated by the central respiratory cycle, and thus, respiratory-related
inputs may be a major NTS-independent driver of CVLM activity. The
cardiovascular and respiratory systems both function to distribute oxygen and
nutrients to the body, but how these two systems coordinate their activities is not
known. Findings from these studies suggest that the CVLM integrates
cardiovascular- and respiratory-related neuronal activity. Changes in respiratory
drive may influence SNA and AP via changes in CVLM neuronal activity. This
mechanism may contribute to the hypertension sometimes experienced by humans
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with respiratory conditions, such as sleep apnea and chronic obstructive pulmonary
disease: Additional studies are needed to determine whether dysregulated
cardiorespiratory neuronal activity in the CVLM is relevant to these human disease
states. Technical discussion of the rationalization for studies and considerations for
interpretation of results are presented in the detailed discussion sections.

Detailed Discussion of Aim 1
GABAergic neurons within the CVLM restrain the tonic level of SNA and are
necessary for the reflexive decrease in sympathetic vasomotor tone in response to
all known sympatho-inhibitory reflexes. (Schreihofer & Guyenet, 2002). These
neurons are modulated by baroreceptor-related inputs from the intermediate NTS,
but baroreceptor-independent inputs to the CVLM from unknown origin also appear
to influence CVLM neuronal activity. Previous studies provide ambiguous results as
to whether CVLM activity promotes or restrains SNA after removal of baroreceptorrelated inputs from the intermediate NTS (Dampney eta/. 1988; Gieroba & Blessing,
1992; Schreihofer eta/. 2005; Moriera eta/. 2006). The goal of this study was to
determine how baroreceptor- and NTS-independent CVLM activity influences
sympathetic vasomotor tone. In the acute absence of arterial baroreceptor-related
inputs to the CVLM, we hypothesized that residual baroreceptor-independent activity
within the CVLM functionally restrains SNA. Additionally, we tested our overall
hypothesis that inputs from central respiratory neurons contribute to CVLM activity
by comparing the influence of baroreceptor-independent CVLM activity on SNA
under conditions of enhanced or diminished central respiratory drive. This was the
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first study to evaluate the impact of CVLM activity on AP by direct measures of SNA
immediately following the loss of arterial baroreceptor-related inputs to the CVLM.
The major findings of experimental protocols to address Aim 1 are: 1)
inhibition of intermediate NTS activity does not further increase SNA when AP is
reduced below the threshold for baroreceptor activity; 2) pharmacological inhibition
of activity within the CVLM following hypotension and NTS inhibition promotes a
massive increase in SNA; 3) blockade of glutamatergic inputs to the CVLM
immediately following inhibition of the NTS results in a significant increase in SNA
and AP; 4) SNA remains significantly elevated 10 minutes following serial inhibition
of NTS and CVLM activity despite a fall in AP; and 5) blockade of baroreceptorindependent glutamatergic inputs to the CVLM produces a larger increase in SNA
when central respiratory drive is enhanced by hypoventilation.
The finding that inhibition of the NTS does not influence SNA after
hypotension to minimize arterial baroreceptor activity supports data from Schreihofer
& Sved (1992) showing that chronic denervation of the arterial baroreceptors

prevents the hypertension that usually follows NTS inhibition. These data together
suggest that the principal tonic influence of NTS activity on SNA is derived from
arterial baroreceptor activity under conditions of anesthesia. After combined
hypotension and pharmacological inhibition of the NTS activity that relays
baroreceptor signaling to the CVLM, inhibition of CVLM activity continues to produce
a significant increase in SNA. Indeed, the increase in SNA that occurs with this
manipulation overpowers the vasodilating effect of sodium nitroprusside infusion to
increase AP. We conclude that CVLM neuronal activity, even with minimized arterial
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baroreceptor activity and or inputs from the intermediate NTS, tonically reduces
SNA.
Several previous studies support our finding that NTS- and arterial
baroreceptor-independent CVLM activity tonically inhibits sympathetic vasomotor
tone. Inhibition of neuronal activity or blockade of glutamate receptors within the
CVLM of rats with chronic bilateral NTS lesions markedly increases AP (Schreihofer
eta/. 2005). In addition, after acute lesions of the NTS in the rabbit, inhibition of the
CVLM or blockade of GABA receptors in the RVLM increases AP (Dampney eta/.
1988; Gieroba & Blessing, 1992). Furthermore, inhibition of glutamatergic inputs to
the CVLM promotes a larger increase in SNA and AP versus blockade of NTS
activity (Guyenet eta/. 1987), suggesting more than simple excitatory drive from the
intermediate NTS supports the sympathoinhibitory influence of the CVLM. In
contrast, a study by Moriera eta/. (2006) found that after glutamatergic blockade in
the NTS to block the input from the arterial baroreceptors onto NTS neurons,
inhibition of neuronal activity in the CVLM produces an immediate decrease in AP,
hindlimb blood flow, and mesenteric blood flow. The conclusion of Moriera eta/.
was that inhibition of the CVLM after blockade of glutamate receptors in the NTS
results in a massive decrease in sympathetic vasomotor tone. The differences
between our results and those of the Moriera eta/. study are not easily identified but
may be attributable to subtle differences in the injection sites or the state of the
animal.
To begin to characterize the nature of NTS-independent inputs to the CVLM,
we determined whether the excitatory neurotransmitter glutamate is responsible for
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driving the NTS-independent activity of CVLM neurons. After inhibition of NTS
activity, the increase in SNA and AP achieved by blocking glutamate receptors in the
CVLM was remarkably similar to the increase seen after complete inhibition of
CVLM neuronal activity, suggesting glutamate is the principal neurotransmitter
responsible for driving NTS-independent CVLM activity. In attempt to reproduce the
findings of Moreira eta/., we tracked changes in SNA and AP for 10 minutes
following blockade of glutamate receptors into the CVLM. Although AP drifted
toward baseline values, SNA remained significantly elevated for the entire
experimental protocol. This separation of AP and SNA is most likely due to
neurogenic escape mechanisms at the level of the vasculature (Pal eta/. 1998) and
emphasizes the importance of utilizing direct measures of SNA when inferring
changes in AP are due to changes in SNA.
A previous study by Wang eta/. (2003) suggested an interaction between
glutamatergic respiratory neurons in the pre-Botzinger complex and the activity of
GABAergic CVLM neurons. To investigate the possibility that central respiratory
neurons are a plausible source of baroreceptor-independent, glutamatergic drive to
the CVLM, we evaluated the increase in SNA that occurs following blockade of
glutamate receptors in the CVLM during hypotension under conditions of enhanced
or reduced central respiratory drive. An assumption of this experiment was that
enhancing central respiratory drive by hypoventilation indeed increases the neuronal
activity of glutamatergic respiratory neurons. Within the pre-Botzinger complex
exists a population of glutamatergic neurons that have activity in phase with phrenic
nerve bursts (Wang eta/. 2001 ). These neurons have limited activity when artificial
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ventilation is increased such that the phrenic nerve does not fire and enhanced
activity when central respiratory drive and phrenic nerve activity is increased by
hypoventilation (unpublished observation, Mandel & Schreihofer). The phrenic
nerve is silent under our experimental conditions of reduced central respiratory drive
and fires vigorously when central respiratory drive is enhanced (unpublished
observation, Mandel & Schreihofer). Hence, glutamatergic pre-Botzinger respiratory
neurons are presumed to be more active with increased versus decreased central
respiratory drive, and these respiratory neurons are likely candidates responsible for
the enhanced excitatory drive to the CVLM seen with increased central respiratory
drive. These data support the notion that the activity of central respiratory neurons
provides baroreceptor-independent excitatory drive to the CVLM.
The experiments performed in Aim 1 of this dissertation provide novel insight
into the regulation of CVLM neurons. These data strongly suggest that neurons
within the CVLM maintain an inhibitory influence on SNA in the acute absence of
baroreceptor-related inputs to the region. Also, glutamate, possibly from the neural
network that generates central respiratory drive, promotes the baroreceptorindependent activity of these neurons.

Detailed Discussion of Aim 2
Respiratory-related rhythms are present in the activity of peripheral
sympathetic nerves (Adrian eta/. 1932), and this respiratory-related activity makes a
significant contribution to the maintenance of AP (Bachoo and Polosa, 1985). The
mechanisms by which the neural network that regulates central respiratory drive
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interacts with the neural network that generates sympathetic vasomotor tone are not
well understood, but neurons in the RVLM that drive SNA display clear patterns of
respiratory-related modulation (Haselton and Guyenet, 1989; McAllen, 1987). This
respiratory-related activity in RVLM neurons could be the result of direct inputs from
respiratory neurons within the central respiratory pattern generator or from
respiratory-related activity in other neurons that project to the RVLM. Results from
Aim 1 show that that enhanced central respiratory drive increases the glutamatergic
drive to the CVLM, suggesting that respiratory-related inputs may directly influence
CVLM neuronal activity. The goal of this study was to investigate whether bareactivated. GABAergic neurons in the CVLM. known to project to and influence the
activity of RVLM neurons. have patterns of respiratorv modulation that may
contribute to the respiratorv-related activity seen in the RVLM and peripheral
sympathetic nerves. To approach this issue, in vivo extracellular recordings were
performed on baro-activated CVLM neurons. A subset of recorded neurons was
confirmed to be GABAergic by the presence of GAD67 mRNA detected by in situ
hybridization histochemistry. The neuronal activity of CVLM neurons was correlated
with the central respiratory cycle, as measured by PND, which was dissociated from
peripheral influences of ventilation by cervical vagotomy. The respiratory-related
activity in these neurons was compared to patterns of respiratory modulation seen in
RVLM neurons (McAllen, 1987; Haselton & Guyenet, 1989; Miyawaki eta/. 1995).
In addition, CVLM activity was evaluated with respect to PND during hypotension to
minimize arterial baroreceptor related inputs to the CVLM. This allowed me to

125
determine whether respiratory-related inputs to the CVLM support baroreceptorindependent CVLM activity.
The major findings of experimental protocols to address Aim 2 are: 1) bareactivated, pulse-modulated GABAergic CVLM neurons display activity modulated by
central respiration in 1 of 4 patterns -inspiratory peak, inspiratory depression,
inspiratory peak with post inspiratory depression, or inspiratory depression with post
inspiratory peak; 2) these patterns of respiratory-related activity are similar or
inversely related to patterns seen in the RVLM and may contribute to the respiratory
shaping of RVLM activity; 3) respiratory-related firing of CVLM neurons persist when
AP is lowered below the threshold for arterial baroreceptor firing.
A concern regarding these recordings of bare-activated CVLM neurons is that
vagal motor neurons in the nucleus ambiguus also display bare-activated and pulsemodulated activity, and these neurons may be mistaken for the RVLM-projecting
CVLM neurons of interest. However, vagal motor neurons in the nucleus ambiguus
are located dorsal to the neurons of the ventral respiratory group, do not express
GAD67, and display a uniform pattern of respiratory modulation within a preparation
(Rentero eta/. 2002; Gilbey eta/. 1984). To locate the bare-activated CVLM
neurons of interest, a recording pipette traverses ventrally from the surface of the
brain stem, completely through the neurons of the ventral respiratory column with
obvious on-off respiratory activity, into the area that contains bare-activated CVLM
neurons that project to the RVLM. In addition, all successfully labeled bare-activated
CVLM neurons investigated with our strict selection criteria have been positive for
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GAD67 mRNA, confirming a GABAergic phenotype (Schreihofer and Guyenet, 2003;
Mobley eta/. 2006; Mandel and Schreihofer, 2006).
Similar to studies evaluating respiratory-related activity in pre-sympathetic
RVLM neurons (Haselton & Guyenet, 1989; McAllen, 1987), we find bam-activated
GABAergic CVLM neurons have differential patterns of respiratory-related activity.
The activity of CVLM neurons with respect to central respiration can be
characterized as similar to or inversely related to the respiratory-related patterns
seen in RVLM neurons. The functional relationship between respiratory-related
neuronal activity in the CVLM and respiratory-related activity in the RVLM is not yet
known. However, it is possible that respiratory-related activity within the CVLM
promotes the respiratory-related activity of RVLM neurons by enhanced inhibition or
disinhibition in phase with central respiration. Assuming the activity of recorded
GABAergic CVLM neurons influences the activity of RVLM neurons in the
appropriate time frame, respiratory modulated activity in the CVLM could function to
promote the respiratory-related activity of the pre-sympathetic RVLM neurons. For
exam. pie, a GABAergic CVLM neuron with predominant activity during the inspiratory
phase of respiration could promote depressed activity in RVLM neurons during
inspiration. Likewise, a GABAergic CVLM neuron with depressed activity during
inspiration could promote enhanced inspiratory-related activity in RVLM neurons.
An alternative interpretation of these data is that respiratory-related patterns of
activity in the CVLM function to limit or dampen respiratory-related activity in the
RVLM. In this case, a GABAergic CVLM with peak activity during inspiration might
restrain the inspiratory-related peak in RVLM activity. The methods used in our
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study do not allow for a determination of how respiratory-related patterns in RVLM
activity are shaped by respiratory-related activity in CVLM neurons.
The activity of CVLM neurons recorded in this study is strongly modulated by
arterial baroreceptor-related inputs. Some of these CVLM neurons are silenced
when AP is reduced to levels where arterial baroreceptor activity is minimized.
However, many CVLM neurons have continuous activity when the arterial
baroreceptors are unloaded by hypotension. This is in agreement with a previous
study by Schreihofer et al. (2003) and complements work from Aim 1 suggesting
tonic CVLM activity in the acute absence of baroreceptor-related activity. The
general patterns of respiratory-related activity within single CVLM neurons (i.e. peak
activity during inspiration or peak activity during expiration) were not significantly
altered by hypotension, suggesting this activity is not dependent on the activity of the
arterial baroreceptors. In fact, several CVLM neurons fired almost exclusively with
either the inspiratory or expiratory phase of respiration after arterial baroreceptor
activity was minimized (unpublished observation, Mandel & Schreihofer). These
data further suggest that respiratory-related inputs to the CVLM are

a potent

mediator of baroreceptor-independent CVLM activity.
The close proximity of bare-activated GABAergic CVLM neurons to central
respiratory neurons, such as the pre-Botzinger respiratory complex, makes
interpretation of microinjection experiments designed to separate the activity of
these nuclei quite difficult. A microinjection volume large enough to encompass the
region containing the bare-activated GABAergic CVLM neurons will also influence
the activity of the pre-Botzinger neurons and alter PND. Subsequent changes in
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physiological variables could possibly be due to changes in the central respiratory
network, changes in GABAergic CVLM activity, or both. With this caveat noted,
previous microinjection studies provide additional support for the hypothesis that
CVLM activity influences the respiratory modulation of RVLM and SNA. Small
volume microinjection of the selective AMP A-receptor antagonist CNQX into the
CVLM slightly depressed the amplitude and frequency of PND but increased the
inspiratory-related activity in RVLM neurons and sympathetic nerves (Miyawaki eta/.
1996). The most straightforward interpretation of these data is that glutamatergic
drive to GABAergic CVLM neurons functions to dampen the inspiratory-related
activity in the RVLM. Koshiya eta/. (1993) demonstrated that microinjection of
muscimol to inhibit cell bodies in the region ofthe CVLM inhibited central respiratory
drive but preserved the respiratory-like bursts in SNA. However, in a subsequent
study (Koshiya & Guyenet, 1996) microinjection of muscimol into CVLM blocked
both central respiratory drive and the respiratory fluctuations in SNA. These data
suggest that central respiratory drive is not a requirement for the respiratory-related
activity in sympathetic nerves and that perhaps a specific set of neurons in the
vicinity of the CVLM, exclusive of the neurons that drive phrenic nerve activity,
promote the respiratory-related bursts in SNA. Our data suggests that the bareactivated GABAergic CVLM neurons may be the critical neurons necessary for
respiratory-related activity in RVLM neurons and peripheral sympathetic nerves.
The experiments performed in Aim 2 of this dissertation show that neurons in
the CVLM have differential patterns of activity related to central respiratory drive.
These data provide the first demonstration of the convergence of cardiovascular and
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respiratory rhythms in the bare-activated GABAergic CVLM neurons that are likely to
influence RVLM neuronal activity and subsequently the SNA that maintains AP.
Although our methods can not prove that the respiratory-related activity of CVLM
neurons impacts RVLM and SNA, these data support the hypothesis that the activity
of CVLM neurons contributes to the respiratory modulation of RVLM neurons and
sympathetic vasomotor tone. Additionally, the respiratory-related activity of CVLM
neurons is preserved when the activity of the arterial baroreceptors is minimized by
hypotension, further suggesting that central respiratory neurons provide a direct,
baroreceptor-independent input to the CVLM.

Detailed Discussion of Aim 3
Acute inhalation of hypoxic air produces a respiratory-related and respiratoryindependent increase in SNA (Dick eta/. 2004; Czyzyk-Kreska & Trzebski, 1990;
Guyenet, 2000). Direct excitatory projections from neurons in the caudal NTS,
which receive tonic inputs from the peripheral chemoreceptors and are not
modulated by the central respiratory cycle, to the RVLM are proposed to mediate the
tonic increase in SNA during hypoxia (Finley & Katz, 1982; Mifflin, 1993; Koshiya &
Guyenet, 1996), but the mechanisms responsible for producing the respir?toryrelated changes in SNA during hypoxia are not known. Results from Aim 2 suggest
that neuronal activity within the CVLM may promote the respiratory-related activity
seen in RVLM neurons and peripheral sympathetic nerves, leading to the hypothesis
that respiratory-related changes in CVLM activity may contribute to the respiratoryrelated changes in RVLM activity and sympathetic vasomotor tone during a hypoxic
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challenge. Indeed, inhibition of neuronal activity in the CVLM has been shown to
eliminate the respiratory-related changes in RVLM and peripheral SNA seen with a
hypoxic challenge (Koshiya & Guyenet, 1996). However, the CVLM is not generally
thought to play a role in the sympathetic chemoreflex because findings from a
landmark paper concerning the role of the ventrolateral medulla in the promotion of
hypoxia-induced alterations in SNA (Koshiya eta/. 1993) led the authors to state,
"These results confirm that the caudal ventrolateral medulla contains an essential
relay of the sympathetic baroreflex and demonstrate that the same area plays no
role in the sympathetic chemoreflex." The goal of this study was to reexamine the
hypothesis that changes in CVLM activity in response to hypoxic conditions
contribute to the respiratorv-related and respiratorv-independent changes in
sympathetic vasomotor tone. Tonic and respiratory-related CVLM activity were
evaluated prior to and during 60 seconds of ventilation with 10% 0 2 to induce
hypoxic conditions. The relationship between changes in CVLM activity and
changes in SNA during hypoxia were analyzed. In addition, the magnitude of the
sympathetic response to hypoxia was compared before and after inhibition of CVLM
activity, blockade of glutamate receptors in the CVLM, and blockade of GABA
receptors in the CVLM.
The major findings of experimental protocols to address Aim 3 are: 1) bamactivated CVLM neurons with inspiratory-related activity are activated by hypoxia; 2)
bam-activated CVLM neurons with expiratory-related activity are silenced by
hypoxia; 3) inhibition of CVLM activity or blockade of glutamatergic inputs to the
CVLM exaggerates the magnitude of the sympathetic response to hypoxia; and 4)
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blockade of GABAergic inputs to the CVLM attenuates the sympathetic response to
hypoxia.
Many recorded bare-activated CVLM neurons display increased neuronal
activity upon inhalation of hypoxic air. At baseline, most of these CVLM neurons
have peak activity during the inspiratory phase of respiration. In addition, the
inspiratory peak in activity is always preserved or enhanced in these neurons during
a hypoxic challenge. This enhanced inspiratory-related activity in CVLM neurons
may promote the hypoxia-induced depression of RVLM activity during the inspiratory
phase of respiration (Koshiya eta/. 1993). The CVLM response to hypoxia may also
promote the complete inhibition of some RVLM neurons during hypoxia
(Koganezawa and Terui, 2007).
In other bare-activated CVLM neurons, neuronal activity was depressed or
silenced during inhalation of hypoxic air. Evaluation of the respiratory modulation of
these neurons prior to hypoxia shows that hypoxia-inhibited CVLM neurons were
primarily active during the expiratory phase of respiration. Inhibition of these
neurons could promote the observed increase in RVLM and SNA during the
expiratory phase of respiration (Dick eta/. 2004; Koshiya eta/. 1993). Furthermore,
these CVLM neurons may contribute to the increased overall activity of RVLM
neurons during stimulation of the chemoreceptors (McAllen, 1992; Koshiya eta/.
1993; Koganezawa and Terui, 2007).
These microinjection data is in partial agreement with previous work by
Koshiya eta/. (1 993) demonstrating microinjection of the glutamate antagonist
kynurenate or the GABAA agonist muscimol into the CVLM elevates SNA and AP
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while silencing PND. In contrast, after microinjection of kynurenate or muscimol into
the heart of the region containing bare-activated CVLM neurons, we find that SNA is.
tonically activated during hypoxia, lacking the respiratory-like bursts. These data are
supported by later work from Koshiya & Guyenet (1996), where microinjection of
muscimol into the CVLM indeed blocks the phasic inhibition of sympathetic and
RVLM activity during acute hypoxia. In contrast to both studies from this laboratory,
we find the sympathetic response to hypoxia and direct chemoreceptor stimulation is
significantly larger after silencing the activity of the CVLM or blocking of
glutamatergic inputs to the CVLM. This difference may be the result of an altered
balance of excitatory and inhibitory inputs to the RVLM with different anesthetic
preparations or due to subtle differences in the microinjection sites.
Blockade of GABAA receptors in the region of the CVLM greatly attenuates or
even eliminates the sympath,etic response to hypoxia. These striking findings were
confirmed using two different GABAA antagonists- gabazine and bicuculline.
Blockade of GABAA receptors in the CVLM region has previously been shown to
depress AP (Sved eta/. 1985) suggesting tonic GABA from unknown origin
influences CVLM activity, but this is the first report of a GABAA-mediated inhibition of
CVLM activity contributing to a physiological reflex. One possible interpretation of
these microinjection studies is that altered CVLM activity influences the ability of
glutamate to excite RVLM neurons during stimulation of the peripheral
chemoreceptors. To address this issue, we microinjected glutamate directly into the
RVLM before and after microinjection of GABAA agonists or antagonists into the
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CVLM. These results suggest enhanced or diminished CVLM activity does not
influence the ability of glutamate to drive RVLM activity.
The experiments performed in Aim 3 provide evidence supporting the
hypothesis that changes in CVLM activity contribute to the sympathetic response to
a reduction in arterial oxygen levels. Collectively, changes in the activity of bareactivated CVLM neurons under hypoxic conditions may coordinate to promote
decreased RVLM activity during inspiration and increased RVLM activity during
inspiration. The suggested influence of CVLM neurons on the activity of RVLM
neurons mirrors the respiratory-related, hypoxia-induced changes seen in whole
peripheral sympathetic nerves. In addition, these data suggest that glutamatergic
inputs to the CVLM may function to restrain the magnitude of the sympathetic
response to hypoxia and that activation of a GABAergic inhibition of CVLM activity
may contribute to the increased SNA seen during a hypoxic insult.

V. SUMMARY
The data presented in this dissertation provide evidence supporting the
hypothesis that respiratory-related inputs to CVLM neurons contribute to the
regulation of the SNA that maintains AP. The principal findings from specific aims
designed to investigate this hypothesis are that: 1) glutamatergic inputs to the CVLM
are enhanced under conditions of elevated central respiratory drive, 2) CVLM
neurons have distinct patterns of respiratory modulated activity that are not
dependent upon arterial baroreceptor activity, 3) CVLM neurons respond to hypoxia
in a· way that may support hypoxia-induced, respiratory-related changes in SNA, and
4) glutamatergic and GABAergic inputs to the CVLM, likely of respiratory origin,
modulate the magnitude of the sympathetic response to hypoxia.
Many prevalent human conditions, including chronic pulmonary disease,
sleep apnea, and obesity, are characterized by changes in respiratory and
cardiovascular function. Mounting evidence suggests the hypertension that often
presents in these patient populations is attributable to a chronic elevation in SNA,
perhaps mediated by augmented chemoreceptor reflex function (Hall eta/. 2004;
Heindl eta/. 2001; Smith & Pacchia, 2007; Prabhakar eta/. 2005; Narkiewicz eta/.
1999a,b). In light of a correlative link between hypertension, increased sympathetic
vasomotor tone, altered respiration, and enhanced chemoreflexes, investigation of
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the neural structures that facilitate and integrate these processes is of clinical
interest.
Cardiorespiratory coupling is clearly evident in the sympathetic nerves that
regulate AP, RVLM neurons that drive SNA from the medulla to the spinal cord, and
CVLM neurons that modulate RVLM activity. We propose that the CVLM, in addition
to its well established role in conferring the arterial baroreceptor reflex, has an
underappreciated role in the promotion of respiratory-related rhythms in the RVLM
and peripheral sympathetic nerves (see Fig. 32). Furthermore, altered CVLM
activity may in part contribute to the pathological increase in AP mediated by
increased SNA that often accompanies conditions of respiratory dysfunction.
Indeed, the spontaneously hypertensive rat exhibits altered respiratory modulation of
SNA compared to normotensive rats (Czyzyk-Krzeska MF & Trzebski A, 1990), and
impaired CVLM function has an implicated role in the promotion of hypertension in
this strain (Smith & Barron, 1990). Additional studies are needed to determine the
mechanisms by which CVLM neurons process cardiovascular and respiratory
signals and the consequences of such processing on SNA and AP.
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Fig. 32. The CVLM integrates cardiovascular and respiratory signals to regulate
SNA and AP. The arterial baroreceptors relay cardiovascular-related neuronal
activity (RED) via the baro-sensitive NTS to the CVLM. The peripheral
chemoreceptors, chemo-sensitive NTS, and central respiratory neurons promote
respiratory-related neuronal activity (BLUE) . The primary finding from this
dissertation is that respiratory-related neuronal activity influences CVLM activity
(GREEN) . The convergence of cardiovascular- and respiratory-related information at
the CVLM produces cardiorespiratory-related neuronal activity (PURPLE).
Additional neuronal inputs may a/so contribute to the regulation of CVLM activity
(YELLOW) . Cardiorespiratory-related activity is evident in the RVLM, SNA, and
blood vessels. Arrows represent excitatory signaling. Blocked bars represent
inhibitory signaling.
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