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Abstract

Background—The paraventricular nucleus of the hypothalamus (PVVN) has emerged as one of the
most important autonomic control centers in the brain, with neurons playing essential roles in
controlling stress, metabolism, growth, reproduction, immune, and other more traditional autonomic
functions (gastrointestinal, renal and cardiovascular).

Objectives—Traditionally the PVVN was viewed very much as a nucleus in which afferent inputs
from other regions were faithfully translated into changes in single specific outputs whether those
were neuroendocrine or autonomic. Here we will present data which suggest that PVN in fact plays
significant and essential roles in integrating multiple sources of afferent input and sculpting an
integrated autonomic output by concurrently modifying the excitability of multiple output pathways.
In addition we will highlight recent work which suggests that dysfunction of such intranuclear
integrative circuitry may contribute to the pathology of conditions such as hypertension and
congestive heart failure.

Conclusions—This review highlights data showing that individual afferent inputs (SFO), signaling
molecules (orexins, adiponectin), and interneurons (glutamate/GABA), all have the potential to
influence (and thus coordinate) multiple PVVN output pathways. We also highlight recent studies
showing that modifications in this integrated circuitry may play significant roles in the pathology of
diseases such as congestive heart failure and hypertension.

1. Introduction

The paraventricular nucleus of the hypothalamus (PVN) has over the past 20 years slowly
emerged as one of the most important hypothalamic autonomic control centers, with neurons
in this bilateral structure playing essential roles in neuroendocrine/autonomic regulation
[1-5]. In the early 1980s anatomical studies had already described the basic architecture of the
PVN identifying a complex CNS nucleus comprising cell bodies of neurons which potentially
played essential neuroendocrine roles in controlling the hypothalamo-pituitary-adrenal (HPA)
axis (corticotropin releasing hormone (CRH) neurons projecting to the median eminence), the
thyroid axis (thyrotropin releasing hormone (TRH) neurons projecting to the median
eminence), the reproductive axis (dopamine and oxytocin neurons projecting to the median
eminence or posterior pituitary), growth and development (somatostatin neurons projecting to
the median eminence), the regulation of body fluid balance (vasopressin and oxytocin
neurosecretory cells projecting to the posterior pituitary), as well as gastrointestinal and
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cardiovascular function through traditional autonomic outputs (neurons projecting to caudal
medullary and spinal autonomic control centers). Afferent inputs to the PVN from many
important integrative centers of the hypothalamus (subfornical organ, medial septum/diagonal
band of broca, median preoptic nucleus, arcuate nucleus, suprachiasmatic nucleus), pons
(lateral parabrachial nucleus), and medulla (nucleus tractus solitarius, dorsal motor nucleus of
the vagus, and the ventrolateral medulla) had also been identified.

Inaddition the functional unit of the PVVN had been suggested to contain a significant proportion
of ‘integrative’ interneurons consisting glutamate (within the nucleus) and gama-amino-
butyric acid (GABA) (primarily in the halo zone surrounding the nucleus) containing cells.
We will first review here recent progress in elucidating the complex intranuclear circuitry
through which the PVN exerts control of these seemingly diverse physiological functions and
will also consider recent work suggesting that pathological changes in the functioning of this
circuitry which has been suggested to contribute to clinical conditions such as congestive heart
failure.

2. Functional Circuitry of the Paraventricular Nucleus

As recently as the early 1990s the PVVN was regarded as a heterogeneous nucleus composed
of magnocellular and parvocellular neurons, the latter subgroup consisting of neurosecretory
cells projecting to the median eminence as well as caudally projecting preautonomic cells
(neurons projecting to either medullary (nucleus tractus solitarius and rostral ventrolateral
medulla) or spinal (intermediolateral cell column column) autonomic control centres). The
ability to combinesophisticated immunochemical and anatomical labeling techniques with
patch clamp techniques had resulted in a broad characterization of these cells into Type |
(putative magnocellular projecting to the posterior pituitary) and Type Il (putative
parvocellular — projecting to either the median eminence or medullary/spinal autonomic
centers) neurons based upon their electrophysiological profiles [6] as illustrated in Figure 1.
At the time there was little definitive evidence of interneurons in this nucleus, although
speculation of their existence was growing. Although there was an abundant literature
describing extensive afferent inputs to the PVN from other regions of the hypothalamus, there
was minimal, if any, clear data in support of extensive integration occurring within the nucleus
as a consequence of intranuclear circuitry, and thus the PVN was considered largely a
throughput center. In this model of the PVN very little cross-integration occurred between
systems, other than the summation by output neurons of synaptic inputs from identified
afferents with the end result that synaptic input was thought to be channelled in a rather linear
fashion from nuclei of origin by PVN system specific efferents. These efferent thus acted as a
number of separate the autonomic and neuroendocrine output centers controlling distinct and
separate physiological systems. The importance of the PVN therefore lay in the maintenance
of fidelity of information and directing signals appropriately.

In view of the PVN’s central role in autonomic and neuroendocrine regulation and its extensive
connections throughout the hypothalamus and brainstem, studying neurotransmission within
this nucleus was becoming increasingly relevant. PVN neurons had been known for some time
to be sensitive to both glutamate and GABA and numerous studies had examined the functional
roles of these transmitters within the PVN [7;8]. Anatomical studies have now confirmed the
presence of glutamate interneurons within the PVN (Figure 2) although it should be emphasized
that glutamate inputs to the PVN neurons also originate in other hypothalamic nuclei [9]. In
addition anatomical studies have reported extensive distribution of GABA interneurons in the
halo zone (including anterior hypothalamic and perifornical regions) surrounding the PVN
(Figure 2) as well as occasional GABA neurons within the nucleus [10]. Our inability to
routinely record from these subpopulations of neurons had made it difficult to investigate their
functional roles, although the recent application of single cell reverse transcriptase polymerase
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chain reaction (RT-PCR) techniques to the identification of recorded neurons circumvent this
difficulty, and should lead to a better understanding of the integrative roles of these neurons
in the PVN (see below also). Although they will not be discussed in-depth here it should also
be emphasized that recent studies have also highlighted important roles for both dendritic
release of peptides produced in the PVN neurons [11;12], and glial cell release of amino acid
signaling molecules [13] in shaping the integrated outputs of the PVN.

2.1 Peptidergic Regulation of PVN Output Neurons

In addition to this work demonstrating a complex intranuclear circuitry within the PN many
studies were beginning to identify potentially important roles for a number of non-classical
peptidergic neurotransmitters in controlling the excitability of magnocellular and parvocellular
neurons within the PVN. A complete description of all such peptidergic input systems is beyond
the scope of this paper. We will use three characterized peptidergic input systems to highlight
the potential roles of neuropeptides in regulating the excitability of the PVN magnocellular
and parvocellular neurons.

2.1.1 Angiotensin ll—Angiotensin Il (ANG) was first suggested to be a neurotransmitter
utilized by subfornical organ neurons projecting to the PVN following anatomical studies
which identified this projection as ‘angiotensinergic’ using double labeling anatomical
techniques [14]. Studies reporting effects of exogenous ANG administered into the PVN on
hormone secretion [15;16], and cardiovascular regulation [17;18], added further credibility to
this suggestion. Functional electrophysiological studies demonstrated that activation of this
pathway resulted in increases in the excitability of both magnocellular [19] and parvocellular
[19-22] neurons in the PVN. Later studies using non-peptidergic angiotensin type 1 receptor
(AT) antagonists showing that treatment with such pharmacological tools blocked these
excitatory effects [23;24] confirmed the role of angiotensin Il as a neurotransmitter used by
this projection. Additional work focusing on the mechanisms through which angiotensin |1
modulated the excitability of PN neurons examined the effects of this peptide on ion channels
expressed in PVN neurons. Interestingly, these studies showed that while ANG specifically
inhibited the transient potassium conductance I (while there were not effects on the delayed
rectifier IK) in magnocellular neurons, the depolarizing effects of ANG on these cells were the
result of simultaneous actions on a glutamate interneuron as these effects were abolished by
glutamate antagonists and blockers of synaptic transmission [25]. In contrast the effects of
ANG on parvocellular neuroendocrine cells (putative CRH and TRH) appear to result from
combined inhibition of IK and activation of a non selective cationic conductance (NSCC)
[26]. These multiple direct effects of ANG on different subpopulations of neurons in the PVN
are summarized schematically in Figure 3. Additional indirect effects of ANG in regulating
the excitability of PVVN neurons have been reported and will be discussed later when we
consider effects mediated by glutamate and GABA interneurons (Figure 3).

2.1.2 Orexins—The discovery of the orexins (also known as hypocretins) identified a
population of orexin producing neurons in the lateral hypothalamic/perifornical region of the
hypothalamus involved in autonomic regulation which projected to diverse regions of the brain
including the PVN [27;28]. Although these early studies identified specific roles for the orexins
in the regulation of food intake and metabolism the later demonstration of a narcoleptic
phenotype in orexin knockout mice [29] refocused the study of these peptides on the regulation
of sleep/wakefulness and arousal. Orexinergic projections to the PVN have been shown to have
clear effects on both autonomic regulation [30;31], and the control of the excitability of PVN
magnocellular and parvocellular neurons [32;33]. Using whole cell patch clamp techniques we
have reported both indirect effects on magnocellular neurons (see section of interneurons
below), and direct (maintained in synaptic isolation) depolarizing effects of orexin A on PVN
parvocellular neurons [33;34]. Using voltage clamp techniques we have shown that the latter
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direct action of orexins results from the modulation of a NSCC [33], thus suggesting a common
point for co-regulation of the excitability of these neurons by both ANG and the orexins. This
may explain the similar actions of ANG and orexin to not only stimulate sympathetic function
but also arousal and the release of stress hormones.

2.1.3 Adiponectin—In addition to the peptides such as ANG and orexin which are believed
to be released from angiotensinergic and orexinergic nerve terminals in the PVN respectively
to elicit their physiological effects, a number of chemical messengers including steroids,
cytokines and adipokines [35-38] have been shown to influence the excitability of PVN neurons
presumably as a consequence of hormonal or paracrine delivery to their sites of action. One
such regulator is the adipokine adiponectin which acts as an insulin sensitizing hormone [39;
40], the circulating concentrations of which are inversely correlated with adipose tissue
mass. ADP concentrations are also reduced in obesity-related diseases such as insulin
resistance and metabolic syndrome. Treatment with ADP lowers hepatic gluconeogenesis,
serum glucose and ameliorates insulin resistance in mice [40-43]. Recent studies demonstrating
that microinjection of ADP into the cerebral ventricles of mice also caused changes in glucose,
lipid handling, and body weight have identified the brain and the PVN in particular as a
potentially important target for ADP actions [44].Two different adiponectin receptors have
been identified, adipoR1 and adipoR2 [40], and we have confirmed expression of adiponectin
receptors in the PVVN and also have identified direct hyperpolarizing effects of adiponectin on
magnocellular oxytocin secreting neurons in the PVN, cells which also express mMRNA for both
adiponectin receptors (shown using single cell RTPCR) [45]. In contrast, we have also obtained
preliminary data showing depolarizing effects of adiponectin on parvocellular CRH and TRH
neurons in hypothalamic slices (again identified using single cell RTPCR) and have correlated
these observations with data from conscious animals showing that intracerebroventricular
adiponectin also increases plasma ACTH concentrations (Hoyda et al. — unpublished).
Adiponectin thus clearly has the ability to modulate different functional subpopulations of
neurons in the PVN, effects which we would speculate contribute to and integrated
physiological response to changes in this adipokine. Future studies will be needed to clarify
not only the source of centrally active adiponectin (peripheral or CNS) but also the cellular
mechanisms through which this adipokine influences the excitability of PVN neurons.

2.2 Roles for Interneurons in the regulation of PVN output Neurons

Noradrenergic effects on magnocellular PVN neurons were demonstrated to be the result of
catecholamine actions on glutamate interneurons rather than direct effects on the magnocellular
neuron itself [46]. Subsequently, a number of studies which have suggested important roles
for glutamate interneurons in mediating the excitatory effects of ANG [25], orexin [33], and
prokineticin 2 [47] on magnocellular neurons, capsaicin on preautonomic neurons [48], and
on the response of neuroendocrine CRH neurons to restraint stress [49]. Work from our lab
added further to the complexity by demonstrating that excitation of magnocellular neurons
activated a nitric oxide/GABA mediated negative feedback system within the PVN [50;51]
which effectively provided ultra-short loop regulation of the activity of PVN neurons, an
intriguing system within a nucleus functionally focused of homeostatic regulation. In addition,
these observations suggested important roles for GABA interneurons, the majority of which
are localized in the halo zone surrounding the PVVN [10], as an additional gatekeeper/integrator
in controlling the excitability of PVN outputs. Important roles for these GABA interneurons
have now been suggested in mediating inhibitory effects of adrenomedullin [52] on
magnocellular, excitatory effects (presumably through disinhibition) of ANG on preautonomic
[53], and IL-1p [37] on parvocellular neurons.
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3. Pathophysiological Consequences of PVN Dysfunction

Along with our developing understanding of the complex neuronal circuitry within the PVN,
and the multiple chemical messengers which together continuously modulate the excitability
of PVN neurons, has come the realization that pathological changes in the function of this
integrated circuitry may contribute to the development of certain disease processes.

One such example can be found in the critical role of PVN CRH neurons in controlling the
hypothalamic-pituitary-adrenal (HPA) stress axis. Multiple neural (including inputs from
limbic structures) and hormonal signals (glucocorticoids, vasoactive peptides, cytokines)
converge on the final output pathway, the CRH neurons of the PVN. Intriguingly, PVN AT,
receptor expression is increased during repeated restraint stress and after 24 h of isolation stress
[54;55]. Stimulation of these receptors is essential for HPA axis activation and in fact can be
blocked by ANG antagonists but the ionic mechanisms which mediate these phenomena are
not known. These data suggest that AT, receptor blockade may have a place in the prevention
and treatment of stress-related disorders. However, the role of ANG in modulating these
complex inputs remains poorly understood and future studies examining how such inputs
regulate the excitability of CRH neurons may throw important new light on understanding the
roles of the areas which play such critical roles in the regulation of stress in the human
population.

The conventional view of the pathophysiology of most cardiovascular diseases has until
recently focused on pathological changes within the heart and/or vasculature itself as the most
likely explanation for the onset and progression of these complex disorders. Innovative new
theories however are emerging which hypothesize that the CNS likely plays a critical role in
congestive heart failure (CHF) and hypertension. Intriguingly, recent work has suggested that
dysfunctional hypothalamic feedback loops (the short loop NO feedback we have described
above) play a critical in the development of CHF and hypertension [17].

Neurohumoral responses in CHF include increased thirst and sodium appetite, increased AVP
release, increased ACTH and cortisol release, and increased sympathetic renal nerve activity
[56]. Unfortunately, the mechanisms underlying autonomic/CNS dysfunction in CHF are not
well established but clearly involve the hypothalamus and in particular the PVN. Perhaps the
first study demonstrating that the PVN was involved in the pathogenesis of CHF was performed
by Patel et al. who showed that metabolic activity with the parvocellular and magnocellular
regions of the PVN was increased in ischemia-induced CHF models [57]. In fact, a number of
neuroactive peptides have been shown to be elevated in CHF including ANG, adrenomedullin,
atrial natriuretic peptide, aldosterone and pro-inflammatory cytokines all of which have
documented actions within the PVN [58-63]. ANG levels known to be elevated in CHF act
within the PVN to increase renal sympathetic nerve activity (RSNA), increased renin release,
and ultimately increased peripheral ANG release [64]. Normally, the PVN is under potent
inhibitory influence of GABA and NO but these feedback loops are thought to be dysfunctional
in CHF resulting in exaggerated responses to glutamate, ANG and potentially all other
excitatory inputs to these neurons. The consequences of such changes have been clearly
demonstrated by studies showing that the mild pressor effects which normally occur in response
to electrical stimulation of the PVN are dramatically increased when this GABA/NO feedback
loop is blocked by injection of GABA antagonists or NOS inhibitors into the PVN [65;66].

The decreased expression of NOS in ischemia-induced models of CHF suggests that NO may
also contribute to the increased sympathoexcitation and vasopressin levels associated with CHF
[67]. We have shown that inhibition of NOS results in a decrease in inhibitory feedback in
magnocellular neurons concomitant with an augmented excitatory response to ANG [68].
Whether or not a disruption of this pathway exists in CHF remains to be investigated but is a
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plausible explanation for the increase in AVP seen in these models. The observation of
increased number of c-fos expressing magnocellular PVN neurons of CHF compared to sham
operated rats further suggests enhanced activation of these neurosecretory cells [69]. Li et al.
demonstrated that AT4 receptors within the PVVN mediate an excitatory effect on renal
sympathetic nerve discharge, arterial blood pressure, and heart rate [64]. Increases in RSNA
result in elevated circulating levels of renin, ANG, and aldosterone, each of which are partly
responsible for in the increase in intravascular volume observed in CHF. The expansion of
blood volume seen in CHF has been shown to increase heart rate reflexively via volume
receptors at the venous-atrial junctions of the heart [70]. This reflex response to an increase in
plasma volume consists of a distinctive unique pattern of sympathetic activity in which the
PVN is intimately involved. Neurons in the PVN show early gene activation on stimulation of
atrial stretch receptors [70]. A similar pattern of cardiac sympathetic excitation and renal
inhibition can be evoked by electrical stimulation of PVVN neurons [70]. In CHF the atrial reflex
is blunted and evidence suggests that this is a result of downregulation of NOS and NO
production and reduced GABA activity in the PVN [71]. A complete review of the literature
describing potential changes in PVN circuitry congestive heart failure is beyond the scope of
this article although the reader is referred to a review by Patel [72].

The PVN is also known to play an important role in the regulation of blood pressure. Not only
do PVN neurons synthesize, store, and secrete AVP from the posterior pituitary but they also
send axonal projections to the brainstem (NTS, AP) and spinal cord (IML), which play
significant roles in controlling autonomic output [1]. Indeed, certain forms of hypertension (eg.
1 kidney 1 clip) are abolished in those animals, which undergo electrolytic lesion of the PVN
[73]. ANG has also been suggested to play a central role in cardiovascular disease with elevated
central concentrations of ANG in hypothalamus and expression of the AT receptor in the PVN
of spontaneously hypertensive rats (SHR) [74-76].

Nitric oxide in the PVN has been shown to have an inhibitory effect on RSNA [77;78], while
microinjection injection of NOS inhibitors into the PVN increases RSNA and elevates blood
pressure dramatically in response to ANG or glutamate. This sympathoinhibitory effect of NO
is eliminated by bicuculline supporting the role of GABA interneurons in mediating this action
[65]. Interestingly, GABA receptor binding sites measured using quantitative autoradiography
and GAD levels were significantly lower in the PVN of spontaneously hypertensive rats when
compared with normotensive controls [79;80]. The basal firing rate of preautonomic PVN
neurons also has been reported to be significantly decreased in normotensive versus SHR and
both the frequency and amplitude of GABAergic spontaneously inhibitory postsynaptic
currents were reduced in SHR [81]. These data suggest that the elevated levels of ANG
associated with hypertension may stimulate neurons in the PVN either through exaggerated
presynaptic disinhibition or a dysfunctional GABAergic feedback system.

4. Expert Opinion

Over the last decade we have witnessed significant advances in our understanding of the
functional integration by the PVN of multiple diverse afferent signals. Clearly, we can no longer
consider the PVN as a simple input/output relay station maintaining the fidelity of multiple
unrelated signals which then control the output of separate neuroendocrine and autonomic
pathways. Rather it would seem that the PVN represents a unique CNS site at which multiple
input signals can be assessed and integrated such that a complex multifactorial autonomic
output can be generated. Thus, the role of the PVN in generation of the integrated physiological
response to stress would first involve the collection of sensory input from cortical, thalamic,
hypothalamic, medullary, spinal and circulating signals followed by the integration of these
signals. Ten years ago we would have attributed this integration to each separate collection of
neuroendocrine and preautonomic output neurons (CRH, TRH, oxytocin, vasopressin)

Expert Opin Ther Targets. Author manuscript; available in PMC 2009 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ferguson et al.

Page 7

performing such functions in isolation, a conclusion which makes little physiological sense
when we know the importance of multiple sets of these output neurons to normal physiological
functions. Here presumably there may be vital roles for both glutamate and GABA interneurons
in the PVN (including the so-called halo zone), in performing such integrated functions.
Experiments directed toward understanding the integrative functional roles of these neurons
will provide important new information and will hopefully be greatly facilitated by the recent
development of single cell RT-PCR tools which allow focused functional analysis of these
neuronal subtypes. Also important to emphasize is the fact that within such an integrated system
these interneurons have the potential to take such integrated signals and control outputs of the
integrated functional output of the nucleus.

How these data impact on our understanding of the pathology of a variety of different
autonomic diseases remains to be determined, although the above discussion does at least
suggest that elevated levels of ANG in the PVN of both CHF and hypertensive animal models
contribute to the pathogenesis of these disorders. Whether dysfunctional feedback or
inappropriate feedforward loops are responsible for these phenomena remains to be
determined. What is clear however is that these observations are of particular importance in
the clinical setting where ACE inhibitors (e.g., enalapril), angiotensin receptor blockers (e.g.,
losartan), and aldosterone antagonists (e.g., spironolactone) have become first-line therapy in
managing heart failure, hypertension and post myocardial infarction. Traditionally these drugs
have been viewed as afterload and intravascular volume reducers with concomitant changes
in ventricular and arterial remodeling, rather that regulators of CNS autonomic control centers.
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Figure 1.
This schematic illustrates the classical view of the organization of the paraventricular nucleus

of the hypothalamus. Afferent inputs originating from diverse regions of the CNS make
synaptic contacts with one of the three primary functional groups of output neurons of the
nucleus. The magnocellular neurons which synthesize and release vasopressin (AVP) or
oxytocin (OXY) have been electrophysiologically characterized by the distinctive delayed
return to baseline (see highlighted region in inset) following a depolarizing pulse which
indicates the presence of a dominant transient potassium conductance known as I a. In contrast
the parvocellular preautonomic neurons which project to autonomic control centers of the
medulla and spinal cord are characterized by a different electrophysiological fingerprint
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manifested by a low threshold calcium spike (see highlighted region in inset) following such
depolarizing pulses which is the result of activation of a T-type calcium conductance in this
subpopulation of neurons. Finally the parvocellular neuroendocrine cells, which express
neither of these conductances, synthesize CRH and TRH (as well as other factors), project to
the median eminence, where they release these hypophysiotropic factors into the hypophysial
portal circulation.
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Figure 2.

This schematic illustrates modifications to the classical view of the organization of the
paraventricular nucleus of the hypothalamus associated with recent work identifying important
roles for both glutamate and GABA interneurons in controlling the excitability of
magnocellular and parvocellular output neurons.
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Figure 3.

This schematic illustrates our current understanding of the multiple mechanisms through which
ANG influences the excitability of magnocellular, parvocellular neuroendocrine and
parvocellular preautonomic neurons in the paraventricular nucleus of the hypothalamus. In
magnocellular neurons ANG has direct effects to inhibit a transient potassium conductance

I o, and indirect depolarizing effects resulting from the activation of glutamate interneurons.
In addition the ANG mediated activation of these neurons appears to be held in check by the
subsequent production of nitric oxide which in turn activates a short loop inhibitory feedback
pathway as a consequence of nitric oxide actions on GABA interneurons in the halo zone
surrounding the nucleus. In contrast ANG appears to depolarize parvocellular neuroendocrine
cells as a result of direct modulation of both a non selective cationic conductance and a
sustained potassium conductance (likely 1K), again with such activation likely activating NO/
GABA feedback circuits. Finally, although there is no definitive evidence identifying ion
channels regulated by ANG in PVN preautonomic neurons, effects have been shown to be
AT receptor mediated and again appear to activate NO/GABA feedback loops, dysfunction
of which have been implicated in congestive heart failure and hypertension.
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