
Modulation of cardiorespiratory function mediated by the
paraventricular nucleus

Prabha Kc1 and Thomas E. Dick2

1Department of Pediatrics, Case Western Reserve University, 11100 Euclid Avenue, Cleveland,
OH 44106, USA
2Department of Medicine, Case Western Reserve University, 11100 Euclid Avenue, Cleveland,
OH 44106, USA

Abstract
The hypothalamic paraventricular nucleus (PVN) coordinates autonomic and neuroendocrine
systems to maintain homeostasis and to respond to stress. Neuroanatomic and neurophysiologic
experiments have provided insight into the mechanisms by which the PVN acts. The PVN projects
directly to the spinal cord and brainstem and, specifically, to sites that control cardiorespiratory
function: the intermediolateral cell columns and phrenic motor nuclei in the spinal cord and rostral
ventrolateral medulla (RVLM) and the rostral nuclei in the ventral respiratory column (rVRC) in
the brainstem. Activation of the PVN increases ventilation (both tidal volume and frequency) and
blood pressure (both heart rate and sympathetic nerve activity). Excitatory and inhibitory
neurotransmitters including glutamate and GABA converge in the PVN to influence its neuronal
activity. However, a tonic GABAergic input to the PVN directly modulates excitatory outflow
from the PVN. Further, even within the PVN, microinjection of GABAA receptor blockers
increases glutamate release suggesting an indirect mechanism by which GABA control contributes
to PVN functions. PVN activity alters blood pressure and ventilation during various stresses, such
as maternal separation, chronic intermittent hypoxia (CIH), dehydration and hemorrhage. Among
the several PVN neurotransmitters and neurohormones, vasopressin and oxytocin modulate
ventilation and blood pressure. Here, we review our data indicating that increases in vasopressin
and vasopressin type 1A (V1A) receptor signaling in the RVLM and rVRC are mechanisms
increasing blood pressure and ventilation after exposure to CIH. That blockade of V1A receptors in
the medulla normalizes baseline blood pressure as well as blunts PVN-evoked blood pressure and
ventilatory responses in CIH-conditioned animals indicate the role of vasopressin in
cardiorespiratory control. In summary, morphological and functional studies have found that the
PVN integrates sensory input and projects to the sympathetic and respiratory control systems with
descending projections to the medulla and spinal cord.
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1. Introduction
The paraventricular nucleus (PVN) of the hypothalamus is a major integrative site for
autonomic function in maintaining homeostasis. Neuroanatomic and electrophysiologic data
indicate that the PVN is reciprocally connected to areas of the central nervous system (CNS)
involved in cardiorespiratory function (Kc et al., 2002, 2010; Luiten et al., 1985; Mack et
al., 2002, 2007; Swanson and Kuypers, 1980; Swanson and Sawchenko, 1983; Yeh et al.,
1997). The PVN contributes to the maintenance of homeostasis via bidirectional interactions
between inhibitory and excitatory connectivity. Imbalance in this counterbalanced system
may be pathologic; increasing sympathetic nerve activity (SNA) and ventilation. In this
review, we discuss the interaction between excitatory and inhibitory neurotransmission
within the PVN as well as the neuronal pathways between PVN and the CNS sites that are
involved in regulating sympathetic nerve discharge, vasomotor tone, and the control of
breathing. A better understanding of the PVN neuronal connections, neurotransmitters and
receptors will provide valuable information regarding the role of the PVN in the exaggerated
sympathetic outflow associated with congestive heart failure, hypertension as well as genetic
disorders including Prader-Willi syndrome.

2. PVN Connectivity
2.1 Cytoarchitecture of the PVN

The PVN, a hypothalamic structure, is located bilaterally bordering the third ventricle and is
composed of magno- and parvo- cellular divisions. The magnocellular division is subdivided
into the anterior, medial and posterior regions, all of which are composed predominantly of
either oxytocinergic or vasopressinergic cells. The parvocellular division is subdivided into
the periventricular, anterior, medial, dorsal and lateral regions. The parvocellular nuclei
express more than 30 putative neurotransmitters/neurohormones including: oxytocin,
vasopressin, somatostatin, corticotrophin releasing factor, thyrotrophin releasing hormone,
and dopamine (Sawchenko and Swanson, 1982b; Swanson and Kuypers, 1980; Swanson and
Sawchenko, 1983).

2.2 Efferent Projections from the PVN
The PVN integrates higher-order sensory and central inputs related to autonomic function.
The magnocellular neurons project to the posterior pituitary and secrete vasopressin and
oxytocin into the blood stream. Parvocellular neurons project to sites within the CNS,
including regions that modulate the autonomic system. Specifically, PVN neurons in the
dorsal, ventral and lateral parvocellular regions project to the intermediolateral (IML) cell
column of the thoraco-lumbar spinal cord and pressor region of the rostral ventrolateral
medulla (RVLM). Approximately 30% of spinally-projecting PVN neurons have collateral
fibers to the RVLM. Therefore, PVN neurons can directly influence SNA via a PVN-IML
pathway, indirectly via a PVN-RVLM pathway and both directly and indirectly via
collaterals to the RVLM and IML (Figure 1) (Badoer 2001;Card et al., 2006;Coote et al.,
1998;Cruz et al., 2008;Moon et al., 2002;Pyner and Coote, 1999;Ross et al., 1984;Yang and
Coote, 1998). In addition to the vasomotor regions, descending projections from the PVN
innervate dorsal motor nucleus of the vagus, nTS, nucleus ambiguus, central gray matter,
Edinger-Westphal nucleus, pedunculopontine tegmental nucleus, nucleus of the locus
coeruleus and parabrachial nucleus (Zheng et al., 1995). Thus, separate groups of
cytoarchitecturally distinct neurons in the PVN project to the posterior pituitary, median
eminence, and to autonomic control nuclei in the brainstem and spinal cord, and modulate
cardio-sympatho, visceral, respiratory, and behavioral responses (Sawchenko
1982;Sawchenko and Swanson 1982a;Swanson and Mogenson 1981).
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2.3 Afferent Input to the PVN
Subdivisions of PVN nuclei are innervated differentially by adrenergic (C) and
noradrenergic (A) fibers (McNeill and Sladek 1980; Swanson et al., 1981). The A1 and C1,
the A2 and C2, as well as the A6 cell groups (the locus coeruleus) provide almost all of the
noradrenergic and adrenergic innervation to the PVN (Berk and Finkelstein 1981; Palkovits
et al., 1980a, b; Sakumoto et al., 1978; Swanson and Hartman 1980; Takagi et al., 1980;
Tribollet and Dreifuss 1981). In the magnocellular division of the PVN, noradrenergic fibers
terminate only on vasopressin-containing cell bodies, whereas serotonergic and
adrenocorticotropic-stained fibers terminate preferentially on oxytocinergic cell bodies.
These data indicate differential synaptic control of specific cell types even within the
magnocellular subdivision of the PVN.

Angiotensin II acts as a neurotransmitter involved in the regulation of sympathetic activity
of the cardiovascular system. Anatomical studies have identified angiotensin type 1 (AT1)
receptors in the PVN (Lenkei et al., 1995; Pfister et al., 1997) and electrophysiological
studies have demonstrated that angiotensin II influences PVN neurons (Cato and Toney,
2005). Thus, angiotensin II can act in the PVN to regulate SNA and cardiovascular function
(Zhu et al., 2004). In addition, circulating levels of angiotensin II, which increase during
hemorrhage or dehydration, act centrally to release vasopressin (Malvin et al., 1977;
Simonnet et al., 1979; Yamamoto et al., 1978). However, systemic angiotensin II does not
appear to have direct access to the PVN as it neither crosses the blood-brain barrier nor
enters the third ventricle by way of the choroid plexus (Schelling et al., 1977). Thus,
angiotensin II from an unidentified source or transport process modulates activity of PVN
neurons via its AT1 receptor.

3. PVN Activity; a Balance of Glutamatergic and GABAergic Systems
Integration between GABAergic and glutamatergic systems determines the sympatho-
respiratory-excitatory drive from the PVN. These regions controlling autonomic function
express GABAA receptors (Cullinan and Wolfe, 2000; Genest et al., 2007) as well as
NMDA and non-NMDA receptors (Herman et al., 2000). Neurons that project from the
PVN are quiescent under basal conditions, indicating that GABAergic tone dominates the
inhibitory-excitatory balance in the PVN (Bains and Ferguson, 1995; Lovick and Coote,
1988). Furthermore, blocking GABAA receptors with bicuculline, results in activity.
However, this activity is blocked by kynurenic acid, a nonselective ionotropic excitatory
amino acid (EAA) receptor antagonist (Chen et al., 2003). Thus, disinhibition of PVN
neurons evokes activity that requires the activation of EAA receptors. These data indicate
that the PVN has: 1) a functionally high level of inhibitory GABAergic tone, 2) tonic
excitation from extrinsic synaptic input that is unmasked by GABAA receptor antagonists
and 3) neurons with a resting membrane potential below threshold. Indeed, the PVN has a
dense concentration of excitatory glutamatergic nerve terminals (Boudaba et al., 1997;
Herman et al., 2000; Van den Pol, 1991). Finally, bicuculline infusion into the PVN
increases glutamate release, suggesting that GABA inhibits both PVN inter- and projecting-
neurons (Li et al., 2006; Figure 2). Given the wealth of inhibitory GABAergic and excitatory
glutamatergic inputs to the PVN (Chen et al., 2003; Decavel and Van den Pol, 1990, 1992;
Li et al., 2006; Patel et al., 2000; Zhang et al., 1998, 2002), the interactions between these
two opposing influences provide an important mechanism to regulate neuronal excitability
and determine outflow from the PVN.

The balance between GABA and glutamate release appears to be modulated by NO.
Inhibition of NOS activity, reducing NO production, decreases the release of GABA.
Microinjection of L-NAME, a NOS inhibitor, in the PVN increases renal sympathetic nerve
activity, blood pressure and heart rate significantly (Li et al., 2001). This is consistent with
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tonic EAA release evoking excitatory responses with decreased GABAergic activity. Thus,
blockade of EAA receptors reduces the bicuculline-evoked responses due to interruption of
tonic excitation that is revealed on GABAergic inhibition. Similarly, microinjection of
glutamate increases the release of NO (Li et al., 2001) which inhibits NMDA-mediated
increases in sympathetic nerve activity. Thus, a negative feedback, perhaps through NO
facilitating GABA release within the PVN, may contribute to the maintenance of the overall
balance and tone of sympathetic outflow.

4. PVN Modulation of Sympatho-Respiratory Function
The PVN modulates blood flow by multiple direct and indirect pathways to sympathetic
preganglionic neurons (summarized in Section 2.2); but the mechanism by which it
modulates ventilation are not elucidated fully. Studies conducted nearly fifty years ago
showed that decreased hypothalamic function by either electrolytic lesions or thiopental
injections depresses ventilation in anesthetized rats (Redgate, 1963). Kastella and colleagues
(1974) recorded respiratory-modulated neuronal activity in the anterior hypothalamus, in an
area that appears to receive higher-order baroreceptor and chemoreceptor inputs. Even
though the ventilatory reflexes evoked by baroreceptor and chemoreceptor inputs do not
depend on an intact hypothalamus, these investigators suggested the hypothalamus shows
respiratory-modulated activity and speculated that respiratory and cardiovascular integration
may occur in this portion of the hypothalamus in a similar manner to that described for the
lower brainstem. In support of this interpretation, Yeh and coworkers (1997) showed direct
connections between the PVN and phrenic motoneurons, and indirect connections between
the PVN and brainstem bulbospinal neurons. In addition, the activity of PVN changes during
phasic respiratory events. Together, these data suggest a link between the PVN and
respiratory function (Kristensen et al., 1997).

Activation of PVN alters cardiorespiratory function in parallel. Electrical stimulation of the
PVN in anesthetized rabbits increases respiratory rate and blood pressure (Duan et al.,
1997). Yeh and coworkers (1997) microinjected L-glutamate bilaterally in the PVN in
anesthetized rats and found that ‘fictive’ ventilation increased; respiratory frequency
increased (TE decreased by 26%) and peak diaphragmatic electromyographic activity (a
surrogate of tidal volume) doubled. Concomitantly, blood pressure and heart rate increased
in these rabbits. In conscious rats, disinhibition of the PVN with bicuculline doubled
respiratory frequency and increased tidal volume (69%) and increased mean arterial pressure
(maximum Δ= 19±6 mmHg)) and heart rate (150%) (Schlenker et al., 2001). These studies
agree regarding the effect of PVN activation on sympatho-respiratory function. Their
differences in the magnitude of the responses could be due to differences between
anesthetized and conscious rats, because anesthesia appears to influence PVN-mediated
responses (Kannan et al., 1989). On the other hand, these differences could also be related to
activation of a different population of PVN neurons, and the stimulant used to activate the
PVN neurons; for example, glutamate may activate all neurons in the PVN whereas
bicuculline only activates those neurons tonically inhibited by GABA. Nevertheless both of
these studies demonstrated that PVN-induced modulation on both respiration and blood
pressure.

Our studies have identified two phenotypes of PVN neurons projecting to sympatho-
respiratory sites in the brainstem. In particular, vasopressin and oxytocin-containing PVN
neurons project to the pre-Bötzinger complex and phrenic motoneurons (Kc et al., 2002,
Mack et al., 2002). Most recently we reported a direct connection from the vasopressin-
containing PVN neurons to the RVLM (Kc et al., 2010). Most of the labelled neurons
projecting to both cardiorespiratory sites were identified in the dorsal, ventral and medial
parvocellular region of the PVN, regions of the PVN that are involved in autonomic control.
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To complement these projections, vasopressin type 1A (V1A) and oxytocin receptors are
expressed by the rostral ventral respiratory column (rVRC) neurons including those in the
pre-Bötzinger complex and by RVLM neurons. The co-localization of axons with the
neurotransmitter and receptors in these regions support that the hypothesis that vasopressin
and oxytocin may be released and act as neurotransmitters in respiratory and vasomotor
control nuclei (Andreatta-Van Leyen et al., 1990; Gomez et al., 1993; Kc et al., 2002, 2010;
Mack et al., 2002). Microinjections of these ligands increased respiration, blood pressure
and heart rate (Kc et al., 2002; Mack et al., 2007)(Figures 3 and 4). Similarly, microinjection
of V1A receptor antagonist into the RVLM attenuated PVN-evoked increases in RVLM
neuronal discharge and blood pressure, heart rate and ventilation (Kc et al., 2010). Taken
together, these data suggest that vasopressin and oxytocin-containing PVN neurons can
affect respiratory and cardiovascular functions.

As indicated earlier, PVN activation increases sympatho-respiratory activity, the
mechanisms that are involved in initiating and limiting the evoked responses may depend on
nitric oxide (NO). Nitric oxide, an endothelial cell derived relaxing factor, within the PVN
regulates the activity of PVN neurons. Perfusion of PVN with NO-containing CSF or
microinjection of sodium nitroprusside, a NO donor, into the PVN elicits a significant
reduction of arterial blood pressure, renal sympathetic nerve activity, and heart rate (Horn et
al., 1994; Zhang et al., 1997) (Figure 5). Nitric oxide synthase (NOS), an enzyme that
synthesizes NO, is densely localized in the PVN (Bredt et al., 1990; Sanchez et al., 1994;
Vincent and Kimura, 1992). In the PVN, NO evokes the release of GABA, which could
account for the inhibitory effect on sympatho-respiratory activity (Ohkuma 1995; Ohkuma
et al., 1996; Zhang and Patel, 1998). To determine the role of NO in control of SNA, Zhang
et al., (1998) microinjected two inhibitors of NOS, L-NMMA or L-NAME into the PVN and
reported increases in renal sympathetic nerve activity, blood pressure and heart rate (Figure
6). Furthermore as a control experiment, these responses were not observed in the presence
of an inactive isomer, D-NMMA (Zhang et al., 1997). To determine if GABAA receptors
acted in the mechanism by which NO inhibits SNA, bicuculline was microinjected into the
PVN prior to injection of L-NAME or sodium nitroprusside. The sympatho-excitatory
response to L-NAME as well as the sympathoinhibitory response to sodium nitroprusside
was attenuated by bicuculline (Zhang and Patel, 1998). Thus, NO may be acting by
increasing GABA release and binding at GABAA receptors.

An interaction between NO and GABA is dynamic and may precipitate sympathoexcitation
during stressful situations, such as exposure to chronic intermittent hypoxic (CIH) or
maternal separation. Neuronal NOS mRNA and protein levels decrease in the PVN
following CIH exposure for 35 days (Huang et al., 2007). Further, chronic stress alters the
efficacy of GABAA receptors in rat hypothalamic-pituitary-adrenocortical axis (Cullinan
and Wolfe, 2000). A decrease in GABA concentration as well as GABAA receptors are seen
in spontaneously hypertensive rats, indicating imbalance in inhibitory input (Cullinan and
Wolfe, 2000; Genest et al., 2007; Huang et al., 2007; Kunkler and Hwang, 1995; Li and Pan,
2006; Zhang et al., 1998, 2002). Decreases in NO production resulting in decreases in
inhibitory GABA transmission may explain the increased activity of PVN neurons during
CIH conditioning or maternal separation. Therefore, NO regulates the sympathetic outflow
from the PVN via activation of the GABA system. However, the sympathoinhibitory effect
of NO may not be limited by evoking a GABA release, but also by inhibiting release of
excitatory neurotransmitters such as glutamate and angiotensin II (Bains and Ferguson,
1994; Martin and Haywood, 1992). Thus, elevated sympathetic nerve activity associated
chronic stress states may result from decreased NO disrupting the balance of inhibitory/
excitatory activity, i.e., decreased GABA release and increased excitatory glutamate release.
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5. PVN Vasopressin-V1A signalling in the VRC and RVLM
The vasopressinergic fibers and its receptor, V1A, are expressed in the RVLM and rVRC.
Activation of V1A receptor signalling increases blood pressure and respiration (Kc et al.,
2002; Yang and Coote, 2003). Further, V1A receptor in RVLM/rVRC is upregulated in rats
that have increased SNA after exposure to CIH. In CIH-conditioned rats, activation of PVN
significantly increases blood pressure and respiratory output greater than in naïve animals
(Figures 7 and 8) (Kc et al., 2010). Moreover, application of V1A receptor antagonist in the
RVLM/rVRC attenuates blood pressure and respiratory responses to disinhibition of the
PVN indicating a possible vasopressin-V1A signalling mechanism manifested in inducing
enhanced cardiovascular output to CIH exposure. Blockade of those V1A receptors in the
RVLM normalized the baseline blood pressure only in CIH-conditioned rats (Kc et al.,
2010). This is consistent with the results of Yang et al., (2001), in which the ongoing
activity of RVLM-spinal cord neurons was unaffected by V1A receptor antagonist
microinjected into the RVLM. Thus, these physiological studies complement the
neuroanatomical studies indicating that under normal conditions, vasopressin may not
provide an effective tonic drive to the RVLM region, at least in anesthetized animal whereas
after conditioning with CIH the upregulation of receptor results in effective tonic drive to
the RVLM.

In addition to vasopressin, other neurotransmitters such as glutamate, angiotensin and
oxytocin may also act in the PVN’s modulation of RVLM activity (Amano et al., 1994;
Chen and Toney, 2003; Mack et al., 2002, 2007; McMullan et al., 2007; Stocker et al., 2006;
Tagawa and Dampney, 1999; Yang et al., 2001, 2002). Systemic angiotensin II regulates
blood pressure centrally by augmenting SNA (McMullan et al., 2007) and by stimulating the
release of vasopressin from the PVN (Shi et al., 2006; Schiavone et al., 1988; Sladek and
Joynt 1979). Pretreatment with d(CH2)5VDAVP, a specific vasopressin antagonist, partially
reduces the blood pressure response to intracerebrovascular injection of angiotensin II,
suggesting vasopressin contributes to the central angiotensin II pressure responses (Unger et
al., 1981). Angiotensin II receptor blocker when microinjected into the RVLM region
partially decreases the blood pressure (Tagawa and Dampney, 1999) whereas vasopressin
antagonist blunts the blood pressure responses (Kc et al., 2010) evoked by PVN
disinhibition. One possibility of this observed difference between these two studies could be
due to unilateral verses bilateral microinjection of the blocker in the RVLM. This unilateral
injection may have caused angiotensin II to evoke release of vasopressin as indicated earlier
causing only partial decrease in the blood pressure response. It appears that the excitability
of RVLM-spinal vasomotor neurons depends on a number of chemically discrete synaptic
inputs. Future studies with microdialysates and chemical detection using HPLC would
provide valuable information about an equipotencial or differential role of vasopressin,
angiotensin II or other neurotransmitters involved mediating these responses.

6. PVN Modulation of Sympathoexcitation via Peripheral Chemoreflex
The PVN integrates chemosensory afferent signals (Schlenker, 2001). Hypoxia stimulates
carotid bodies, which via the carotid sinus nerves activate the commissural nuclei of the
solitary tract (nTS) (Swanson and Sawchenko, 1983), and evokes an increase in sympatho-
respiratory motor activity via respiratory sites (Koshiya and Guyenet, 1996). In addition,
chemoreceptor-activated nTS neurons also activate PVN neurons via a noradrenergic
pathway (Chen et al., 2004). In unanesthetized rats, bilateral lesions of the PVN prevent
potassium cyanide (KCN) from evoking the chemoreflex in spite of an intact brainstem
network (Olivan, 2001). Similarly in anesthetized rats, the pressor, sympathoexcitatory and
respiratory responses to KCN are dependent, in part, on the PVN (Reddy et al. 2005).
Specifically, 2% lidocaine in the PVN attenuates increases in RSNA, MAP, and PNA in
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response to systemic KCN (Reddy et al., 2005) (Figure 9). Furthermore, the role of the PVN
in mediating chemoreflex may be specific for hypoxic but not for hypercapnic stimulation.
This was tested by comparing the cardiopulmonary responses to stimulation of central
chemoreceptors with 10% CO2 in carotid denervated animals (Figure 10). The PVN
neurotransmission blockade with lidocaine has no effect on hypercapnia-induced central
chemoreflex responses indicating that the PVN is not needed for modulating
cardiopulmonary and RSNA responses to hypercapnia. In summary, the role of the PVN
may be selective for processing sympathoexcitatory and ventilatory responses evoked by the
peripheral but not central chemoreflex.

7. Stress-induced Plasticity of the PVN Neurons
PVN neurons exhibit marked biochemical plasticity in response to stress (Boudaba et al.,
1996; Cullinan et al., 2008; Patel 2000; Zhang et al., 2002). Stress alters the plasticity of
receptor expression; it decreases GABA levels as well as mRNA for GABAA receptors in
the PVN, leading to increased excitability of the PVN neurons (Cullinan and Wolfe, 2000;
Genest et al., 2007; Huang et al., 2007; Li and Pan, 2006; Zhang et al., 1998). Indeed, a
decrease in GABAergic mechanisms in the PVN is related to the pathogenesis of a variety of
clinical manifestations related to increased sympathetic nerve activity (Haywood et al.,
2001; Zhang et al., 1998, 2002). Similarly, increases in GABAA receptor binding site also
increase PVN activity to exogenously administered bicuculline (Cullinan and Wolfe, 2000;
Genest et al., 2007). Conceivably, bicuculline microinjection in the PVN induces release of
glutamate which could increase sympathetic nerve activity (Li et al., 2006), supporting the
notion of a GABAA-mediated tonic inhibition of excitatory input. Based on these studies, it
can be concluded that a decrease in GABA levels and/or increase in GABAA receptor
binding sites would cause an imbalance in the PVN homeostasis. Although GABA activity/
levels was not measured, increases in blood pressure and diaphragmatic and genioglossal
muscle activity evoked by bicuculline microinjection in the PVN in CIH-conditioned rats
could be mediated by a similar mechanism (Kc et al., 2010). However, changes in the other
excitatory neurotransmitters such as glutamate (Herman et al., 2000), norepinephrine (Han
et al., 2002) or neuropeptide such as angiotensin II (Chen and Toney, 2003; McMullan et al.,
2007) or corticotrophin-releasing factor (Moga and Saper, 1994; Swanson and Sawchenko,
1983) could also be altered and needs further investigation.
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Figure 1.
A schematic diagram showing afferent and efferent neural pathways to and from the PVN.
Glutamatergic (Glu), GABAergic, angiotensinergic (Ang II) as well as the noradrenergic
(A)/adrenergic (C) afferent innervations modulates the activity of the PVN. PVN neurons
can directly influence sympathetic nerve activity via a PVN-IML pathway, indirectly via a
PVN-RVLM pathway and both directly and indirectly via collaterals to the RVLM and IML.
In addition, PVN neurons project to the rostral ventral respiratory column and hypoglossal
nucleus regulating the respiratory drive and genioglossal muscle activity respectively. AVP,
vasopressin; OXT, oxytocin; CRF, corticotrophin releasing factor; SS, somatostatin; TRH,
thyrotrophin releasing hormone; V1AR, vasopressin type 1A receptor; OXTR, oxytocin
receptor; AT1, angiotensin type 1 receptor .
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Figure 2.
A: Renal sympathetic nerve activity (RSNA), blood pressure (BP), and heart rate (HR)
responses to microinjection of bicuculline (100 pmol, n = 5), bicuculline + AP-5 (8 nmol, n
= 6), and aCSF (n = 5) into the PVN. B: RSNA, BP, and HR responses to microinjection of
gabazine (50 pmol, n = 5) and gabazine + AP-5 (8 nmol, n = 5) into the PVN. Values are
means ± SE. *, p < 0.05 . Note, microinjection of bicuculline significantly increased RSNA,
BP, and HR responses, however, with prior blockade of NMDA receptors with AP-5,
RSNA, BP, and HR responses to bicuculline were significantly attenuated. Similar
responses were also seen with GABAA receptor blocker, gabazine. [Adapted from Li et al.,
2006]
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Figure 3.
Upper panel: A representative recording of integrated diaphram electromyographic activity
(∫DEMG) and arterial BP showing response to unilateral microinjection of vasopressin (VP,
0.2 nmol per site, 200 nl) into the pre-Bötzinger complex. Arrow indicates time of injection.
Lower panel: Mean ± SD of changes in peak DEMG (A), minute DEMG (B), inspiratory
duration (TI; C), and expiratory duration (TE; D) duration before (open bars) and after
(hatched bars) microinjection (n = 7). AU, Arbitrary units. *, Statistical difference, p <0.05).
Note, microinjection of vasopressin into the pre-Bötzinger complex significantly increased
DEMG activity, respiratory frequency discharge, blood pressure and heart rate. [Adapted
from Kc et al., 2002]
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Figure 4.
Upper panel: A representative recording of integrated diaphragm electromyographic activity
(∫DEMG) and arterial blood pressure (BP) showing response to unilateral microinjection of
oxytocin (0.2 nmol/site, 200 nl) into the pre-Bötzinger complex. Arrow indicates time of
injection. Lower panel: means ± SD of changes in peak DEMG (A), minute DEMG (B),
expiratory duration (TE; C), and inspiratory duration (TI; D) duration before (open bars) and
after (hatched bars) microinjection (n = 10 animals). au, Arbitrary units. *, Statistical
difference, p < 0.05. Note, activation of pre-Bötzinger complex oxytocin significantly
increased DEMG activity, respiratory frequency discharge, blood pressure and heart rate.
[Adapted from Mack et al., 2002]
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Figure 5.
Change of efferent renal sympathetic nerve discharge (RSND; A), blood pressure (B), and
heart rate (C) to microinjection of sodium nitroprusside into the PVN both in absence (open
bars) and presence (hatched bars) of blockade of endogenous GABA system with
bicuculline in the PVN. Graphs represent mean value for each group ± SE. * p < 0.05
compared with control. Note, microinjection of sodium nitroprusside into the PVN
significantly decreased RSND, arterial blood pressure, and heart rate at the highest dose.
These responses were eliminated by blockade of the GABA system. [Adapted from Zhang
and Patel, 1998]
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Figure 6.
Change of efferent renal sympathetic nerve discharge (RSND, A), arterial blood pressure
(B), and heart rate (C) to microinjection of L-NAME into the PVN in absence (open bars) of
muscimol and bicuculline (control), and presence of bicuculline (hatched bars) or muscimol
(solid bars) into the PVN. Graphs represent mean value for each group ± SE. *, p< 0.05
compared with control. Note, microinjection of L-NAME (50, 100, and 200 nmol) into the
PVN significantly increased RSND, arterial blood pressure, and heart rate at the highest
dose. These sympathoexcitatory effects of L-NAME were masked by prior blockade of the
GABA system with bicuculline and activation of the GABA system with muscimol.
[Adapted from Zhang and Patel, 1998]
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Figure 7.
Representative chart recordings from a room air (RA, A and B)- and chronic intermittent
hypoxia-conditioned (CIH, C and D) rat showing arterial blood pressure (ABP) during
baseline and following disinhibition of PVN with bicuculline (BIC), before and after
blockade of vasopressin V1A receptors into the RVLM/rVRC with 0.2 nmol in RA- and 0.4
nmol in CIH-conditioned rat. Arrows indicate BIC injection. Note, it required a significantly
higher dose of blocker to blunt the ABP increase to PVN disinhibition in CIH-conditioned
rats. Also microinjection of blocker into the RVLM normalized the ABP in CIH-conditioned
rat (D). [Adapted from Kc et al., 2010]
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Figure 8.
Representative chart recording from a room air (RA, A)- and chronic intermittent hypoxia
(CIH, B) conditioned rat showing integrated diaphragmatic (DEMG) and genioglossal muscle
(GGEMG) during baseline and following disinhibition of PVN with bicuculline (BIC) and
after blockade of vasopressin V1A receptors into the RVLM (0.2 nmol in RA rat and 0.2
nmol and 0.4 nmol in CIH-conditioned rat) to PVN disinhibition. Note, it required a
significantly higher dose of blocker to blunt DEMG and GGEMG activity to PVN
disinhibition in CIH-conditioned rats. [Adapted from Kc et al., 2010]
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Figure 9.
Changes in mean arterial pressure (ΔMAP, mmHg; A), heart rate (ΔHR, beats/min; B), renal
sympathetic nerve activity (RSNA, %change, C), and phrenic nerve activity (PNA,
%change, D) in response to chemoreflex activation before (vehicle) and after microinjection
of lidocaine into the PVN (PVN +) (n = 8). Also illustrated, reflex responses in animals
where microinjections were targeted outside the PVN (PVN−) (n = 5). Data are means ± SE.
*Comparison of reflex response to KCN before and after lidocaine injection within the PVN
(P < 0.05). Note, bilateral microinjection of lidocaine into the PVN significantly decreased
MAP, RSNA and PNA with no change in HR to evoked stimulation of peripheral
stimulation with potassium cyanide. [Adapted from Reddy et al., 2005]
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Figure 10.
Effect of bilateral carotid sinus denervation on reflex responses to potassium cyanide (KCN,
n = 5). ΔMAP (mmHg, A), ΔHR (beats/min, B), RSNA (%change, C), and PNA (%change,
D) in response to chemoreflex activation before and after sinus denervation (n = 5).
*Comparison of reflex responses to KCN between intact and denervated carotid sinus. Data
are means ± SE. (P < 0.05). Note, carotid sinus nerve denervation significantly decreased
MAP, RSNA and PNA with no change in HR to evoked stimulation of peripheral
stimulation with potassium cyanide. [Adapted from Reddy et al., 2005]
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