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Neurophysiological involvement in
hypervolemic hyponatremia-evoked by
hypersecretion of vasopressin

Arginine vasopressin (AVP) is a neuropeptide mainly synthesized in the supraopticand
paraventricular nuclei in the hypothalamus and released from the posterior pituitary
when physiological demands are increased. The major function of circulating AVP is
to promote water retention and vasoconstriction, thereby maintaining hydromineral
homeostasis and blood volume and pressure. Physiological regulation of AVP
secretion includes osmotic and nonosmotic neurohumoral reflexes, actions of blood-
borne factors, interactions between glia and AVP neurons, autoregulation, and other
cellular events. These modulatory processes, ultimately integrated in AVP neurons,
determine their firing rate and pattern and the amount of AVP secretion. In water-
retaining diseases such as congestive heart failure and hepatic cirrhosis, efficient
arterial volume is relatively low despite water retention in the body; high levels of AVP
cannot correctinsufficiency of efficientarterial volume and/or high levels of circulating
renin-angiotensin-aldosterone. These nonosmotic factors can counterbalance and
even override the inhibitory effect of AVP-elicited hyponatremia on AVP secretion.
Under this condition, a facilitatory feature of local neural circuits controlling AVP
secretion becomes active, leading to further secretion of AVP. This inherent feature
in the local circuit mainly includes: 1) adaptive reduction of osmosensory threshold,
2) removal of astrocytic restriction of AVP neuronal activity, and 3) damaging effects
of protein tyrosine nitration on enzymes for glutamate conversion and on other

functional molecules. These factors will be discussed in this review.

A common complication of water retaining diseases is
hypervolemic hyponatremia, which is characterized by
low blood sodium concentration (<135 mmol/L) and high
circulating levels of arginine vasopressin (AVP) [1]. This AVP
hypersecretion often results from insufficiency of efficient
arterial volume such as in congestive heart failure (CHF) [2]
and hepatic cirrhosis [3], and results in water accumulation
in extracellular space in forms of edema or ascites. Under this
condition, excessive fluid causes a “hypervolemia” but cannot
form an efficient arterial volume, thereby creating a vicious
circle between hypersecretion of AVP and the hyponatremia.
The treatment of this hypervolemic hyponatremia is a strong
challenge to the clinicians and the researchers. Targeting some
known pathological mechanisms underlying this complication
by blocking both V2 and V1a AVP receptors does improve
the hyponatremic symptom; however, it does not reduce the
morbidity and mortality [4]. For this reason, itis crucial to further
explore mechanisms underlying hypervolemic hyponatremia
and to identify reasons for the significant mortality.
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AVP is a neuropeptide hormone mainly synthesized
by magnocellular neurosecretory cells (MNCs) in the
hypothalamus. MNCs containing AVP (i.e.,, AVP neurons) are
identified in the supraoptic (SON) and paraventricular (PVN)
nuclei as well as several accessory nuclei between the SON and
PVN [5]. In these nuclei, another type of MNCs, oxytocin (OXT)
neurons, coexists with AVP neurons and OXT can modulate
AVP neuronal activity [6]. In these nuclei, the MNCs have close
association with astrocytes structurally and functionally [7-8],
and their interactions are an important factor determining
AVP neuronal activity. In response to changes in blood
volume, osmolality or pressure, the firing rate and pattern of
AVP neurons also change correspondingly to determine the
amount of AVP secretion from axonal terminals of AVP neurons
in the posterior pituitary [9-10]. By increasing or decreasing
AVP secretion, the AVP-secreting system can adjust water
intake and salt appetite, functions of kidney, and the activity
of endocrine and cardiovascular systems [11]. In this process,
both systemic [12] and local [13] neurohumoral regulatory
mechanisms are involved. The systemic regulation, involving
several neurohumoral reflexes and blood-borne factors, is
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largely determined by efficient arterial volume or actual
blood pressure, sympathetic nerve outflow, and the activity
of renin-angiotensin (ANG)-aldosterone (ALD) system [14].
The local regulation is achieved by changing synaptic input
[15], astrocytic-neuronal interactions [7-8], autoregulation of
AVP neuronal activity [16-17], and sequential activation of
specific cellular signaling molecules [18]. It has been proposed
that in water-retaining diseases, nonosmotic stimuli override
hyponatremic inhibition of AVP secretion [19], thereby
removing inhibitory effects of hyponatremia on the activity
of the local neural circuit. As a result, hypersecretion of AVP
occurs in the presence of hyponatremia.

Here,wereviewthemechanismsunderlying AVP hypersecretion
in views of systemic neurohumoral control of AVP secretion,
resetting osmosensory threshold at the local neural circuit,
bimodalinteractions between astrocytes and AVP neurons, and
other cellular/molecular events ( ). In the text, we used
hyponatremia and hypoosmolality exchangeably since most
hyponatremic disorders are associated with hypoosmolality,
and hypoosmotic stimulation is mainly based on low Na‘*
solution in the cited reports.
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In the body, many specialized sensors can sense changes
in the internal environment and trigger adaptive reactions
to maintain hydromineral homeostasis. In neurohumoral
modulation of AVP secretion, osmosensory neurons in the
diencephalon, particularly those in the subfornical organ (SFO)
[20], the antero-ventral third ventricular region (AV3V) [21], the
organum vasculosum of the lamina terminalis (OVLT) and the
SON [22], can sense changes in extracellular osmotic pressure
and modulate AVP neuronal activity. In the SON, both AVP and
OXT neurons are osmosensitive although they have different
effects on hydromineral homeostasis [9]. In parallel with
studying central osmosensors, peripheral osmosensory cells
have also been identified, such as juxtaglomerular cells of the
kidney [23], hepatic portal vein [24] and cardiomyocytes [12];
they also provide abundant information of osmotic regulation
of AVP secretion.

In general, increases in extracellular osmolytes activate
osmosensory cells while decreases in the osmolality reduce
their firing activity [9]. In these osmosensory neurons, the
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Hypoosmolality inhibits osmosensory neurons; however,
in the CHF, this inhibition is overridden by other factors.

Hypervolemia inhibited AVP secretion; however, it
becomes blunted in the CHF due to hypotension.

Hypotension increases sympathetic nerve output, the
activity of RSNA [14] and glutamate levels [66,68].

RSNA, AVP and renin in CHF increase activity of RAAS [14],
IL-6 [74] and other peptides.

Hypoosmolality inhibits osmosensors by acting on SICs
but activates them after rebalancing osmotic gradients.

AVP neurons may selectively release glutamate and NA
[66, 68] but reduce NO and GABA [66] release in CHF.

RVD and the ensuing glial retraction create a condition
that reduces glial influence on AVP neuronal activity.

Hypoosmolality attracts microglia around osmosensors
[126], which release facilitatory cytokines [94], [127].

Hypoosmolality activates TRPV 4 channels [39]
via integrins [37] and by increasing actin polymerization
[29].
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Ratio of facilitatory to
inhibitory factors rises
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AVP neurons remain active
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Ca(2+) and CaM[135], pERK[141],

Cell swelling GFAP [122], AQP-4 [136]

Anion channels [114], P38

RVD MAPK [141], GFAP [107, 123]

Note: Abbreviations refer to the main text.

osmosensitivity is due to the presence of intrinsic cellular
mechanoreceptors and glial modulation. In neurons,
osmosensing mechanoreceptors were initially identified
as stretch-modulated cation channels [25] and now are
associated to the transient receptor potential (TRP) vanilloid
(V) family cation channel proteins. The osmosensory ability of
SON neurons is also related to astrocytic sensitivity to osmotic
changes, as known for the reactive release of gliotransmitters
from astrocytes such as taurine, -alanine [26] and D-serine
[27] as well as the morphological plasticity of astrocytes [28]. In
the following paragraphs, we will discuss the characteristics of
osmosensory neurons and osmotic reflex, and leave astrocytic
mediation of osmosensation in the section of Interactions
between glia and AVP neurons.

In the osmosensory neurons, the TRPV channels are sensitive
to cell membrane stretch to permit the generation of a
nonselective cation current, particularly for Ca2t [29]. It is
believed that osmotically-evoked activation of OVLT neurons
is mediated by TRPV1 and TRPV4 channels; these OVLT neurons
regulate the activity of downstream MNCs in the SON through
graded changes in glutamate release [30]. This finding is
confirmed by gene depletion studies that TRPV 1 [31] and TRPV
4 channels [32] are essential for hyperosmotic activation of
osmosensory neurons. The activation of these TRPV channels
is resulting from actin polymerization because hyperosmotic
activation stimulated actin polymerization [33] and destruction
of filamentous actin blocked hyperosmotic activation of
osmosensory neurons [34]. While these results support the
essential role of TRPV channels in sensation of hyperosmotic
stimulation, observations have also revealed that the number
of Fos-positive cells in the OVLT, the SON and PVN was similar
between wild-type and TRPV1-/- mice after osmotic stimulation
[35]. This finding suggests that individual TRPV channels may
partially contribute to the osmotic reactions of osmosensory
neurons and their deficiency can be compensated by other
TRPV channels. Moreover, the interaction between TRPV4 and
filamentous actin was involved in sensing hypoosmolality [29],
and a mechanosensitive ion channel (gramicidin A) behaved
either as a stretch-inactivated or as a stretch-activated channel
depending on the lipid composition of the surrounding lipid
bilayer [36]. Thus, TRPV channels are involved in the sensation
of both hyper- and hypo-osmolality.

One question in studying these osmosensors is how the
stretch message of osmotic challenges is delivered to the
osmosensory neurons via these mechanoreceptors. Some hits
to this question have emerged from studies on physiology of
extracellular matrix (ECM). The fluid volume in the interstitial
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Cell swelling and activation of P38 MAPK activate anion
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Inhibiting AVP release
while triggering RVD

Causing osmolyte
release, glial retraction

space is normally regulated within a narrow range by
automatic re-adjustment of the interstitial hydrostatic and
colloid osmotic pressures through capillary filtration and
the lymphatics. During hyponatremia, more water gets into
the interstitial tissues, which are taken up by p1-integrin-
associated ECM [37]. In this process, integrins can be activated
to trigger cellular reactions as identified in hepatocytes [24]
and cardiomyocytes [38]. Moreover, both hyper- and hypo-
osmotic stimuli can activate TRPV4 channels by providing
mechanical activation of integrins because mechanical forces
applied to cell surface p1 integrins can rapidly activate CaZ*
influx through TRPV4 channels [39]. In the SON, polysialic
acid-enriched neural cell adhesion molecule occurs on the
surfaces of MNCs and astrocytes, and they can absorb large
amounts of water to modulate cell adhesion [40]; expression
of integrins-associated ECM organization has also been
identified in the SON [41]. Thus, hypoosmotic challenges can
directly activate TRPV channels in the osmosensory neurons
through integrin signaling in the SON. Finally, relative to the
pure facilitatory effect of hyperosmolality on AVP secretion,
effects of hypoosmotic stimulation are biphasic. That is, short
in vitro hypoosmotic stimulation evokes inhibition only [22, 42]
while prolonged presence of hypoosmolality causes rebound
increase in AVP secretion [42], an indicator of activation of
AVP neurons. Thus, we propose that the activation of TRPV
channels during hypoosmotic stimulation needs longer time
than hyperosmotic stimulation does.

Changes in blood osmolality activate osmotic reflex, the major
neurohumoral reflex in body hydromineral homeostasis,
and modulate the activity of AVP neurons directly and
indirectly via other osmosensors [9]. In superfused explants
of rat hypothalamus, changes in firing rate and frequency of
spontaneous EPSPs but not IPSPs of the MNCs are positively
correlated to changes in external osmolality between 275 and
355 mOsm [22]. Brief (10-20 s) applications of hypoosmotic
solutions to the OVLT caused prolonged (> 1 min) decreases
in the firing activity of MNCs [22]. Moreover, AVP secretion
was suppressed in healthy rat model of hypoosmolality that
was produced using V2 AVP receptor agonist and a liquid
diet [43]. Under the same condition, the somatic and nuclear
sizes of AVP neurons decreased to approximately 60% of basal
values; OXT and AVP mRNA levels reduced to approximately
10~20% of basal levels [44]. These findings indicate that short
in vitro and chronic in vivo hypoosmotic stimuli are inhibitory
for AVP neuronal activity and AVP secretion. On the other
hand, prolonged in vitro hypoosmotic stimulation in a rate
of 2% or 5% per hour over 2 h had a biphasic effect on AVP
secretion: a short suppression (<60 min) followed by a rebound
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facilitation [42]. It was also found that AVP neurons in the SON
cultures were significantly increased in 255 mOsm medium
as compared to 300 mOsm medium [45]. These data suggest
that different mechanisms are working for in vivo and in vitro
hypoosmotic regulations and prolonged in vitro hypoosmotic
actions may cause additional reactions of the brain osmotic
regulatory system. Importantly, the rebound increase in AVP
release during hypoosmotic stimulation in vitro matches those
observed in hyponatremic patients with AVP hypersecretion
[46]. This clue leads to our agreement with that in pathological
hyponatremia of water retaining diseases, AVP hypersecretion
is due to the presence of excitatory nonosmotic stimuli that
override hypoosmolality-elicited inhibition of AVP neuronal
activity as previously proposed [19, 47] and/or due to activation
of local facilitatory mechanisms.

AVP secretionis also related to peripheral osmosensors. Hepatic
osmoreceptors, located in the region of the hepatic portal vein,
are sensitive to changes in portal blood osmolality and can
cause variations in plasma AVP and water excretion [9, 48].
Thus, activation of the hepatic osmoreceptors can buffer major
systemic osmotic changes. Macula densa cells in the kidney
can detect changes in tubular fluid composition. Changes in
luminal fluid NaCl concentration alter intracellular NaCl level
and cell volume, which involves Na*/Cl~ contransporter and
a stretch-activated non-selective anion channel [49]. Macula
densa signaling then changes the production and release of
ATP, prostaglandin E,, nitric oxide (NO), and renin [49]. These
paracrine signals can control juxtaglomerular function, renal
vascular resistance [50] and alter AVP secretion by regulation
of renin release [11]. In the heart, hyponatremia can also
sensed by atrial cardiomyocytes. An osmotic stretch during
hyponatremic stimulation evokes release of atrial natriuretic
peptide (ANP) from swollen atrial cardiomyocytes [51]. ANP
can suppress AVP secretion by directly inhibiting the activity of
osmosensory neurons [52] and by antagonizing the facilitatory
effects of angiotensin Il (ANGII) on AVP neuronal activity [53-
54].

In parallel with osmotic regulation of AVP secretion,
cardiovascular activity, autonomic nerve activity, endocrine,
metabolic activity, and personal habits like alcohol
consumption and sleep/awake cycle can also modulate AVP
secretion [55-56]. Among them, cardiovascular activity has
bidirectional association with AVP neuronal activity and is the
most important nonosmotic factor modulating AVP secretion,
which involves blood volume and pressure as well as many
blood-borne factors.

Changes in blood osmolality often change blood volume.
For instance, dehydration can cause hypernatremia and
hypovolemia simultaneously, which coordinately increase AVP
release and the ensuing water retention [9]. Changes in blood
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volume naturally alter blood pressure and can change the
activity of both low and high pressure-sensitive cardiovascular
reflexes [11]. The atrial volume reflex is related to an expansion
of blood volume in venous system and the activation of low
pressure-sensitive reflex pathway. When hypervolemia occurs
in the venous system, volume sensors at the vena cavae and
right atrium become active and emit the volume-signals via
vagal nerve to brain regions that are associated with the
regulation of AVP secretion and sympathetic outflow [57]. In
addition to inhibitory input from GABAergic neurons in the
perinuclear zone of the SON [58], a group of neurons containing
ANP in the the AV3V is also activated to inhibit AVP secretion
and promote OXT release [59]. The reduction of AVP promotes
water secretion while the increase in OXT level evokes ANP
release from the heart [59]. ANP directly promotes Na* and
water excretion and thus, reduces water retention in the
body and suppresses AVP secretion by brain actions [53-54].
Meanwhile, hypervolemic activation of vagal nerve reduces
renal sympathetic nerve activity (RSNA) and cardiac output
by suppressing the activity of parvocellular neurons in the
PVN [60]. Thus, hypervolemia also increases blood perfusion
of the kidney, which together with the decreased RSNA and
AVP secretion reduces renin release and the subsequent
production of ANG Il and AVP release [11]. As blood AVP
decreases, free water will be removed and blood volume is
decreased. Likewise, hypovolemia causes opposite systemic
regulatory reactions, leading to increases in AVP secretion and
in blood volume [58-60].

Along with osmotic and atrial volume reflexes, changes in
blood pressure also alter AVP secretion through baroreflex
and pressor reflex. The stretch sensors or baroreceptors at the
carotid sinuses and aortic arch are excited by hypertension,
which reduces sympathetic nerve output but increases
parasympathetic nerve output by acting on autonomic nuclei
in the medulla. This fact has been well explored in the rabbit
[61]. As a result, cardiac output and peripheral resistance
are decreased, leading to a decrease in blood pressure. The
reduction of sympathetic nerve output, particularly the RSNA,
reduces the activity of RAAS [14] and indirectly decreases AVP
secretion. On the contrary, hypotension can cause a pressor
reflex via neurophysiological processes opposite from the
baroreflex. In the pressor reflex, neuronal activity in the nucleus
ofthe solitary tract (NST) and ventrolateral medulla (VLM) [62] as
well as the osmosensory organs [63] are significantly activated.
Hypotension-activated noradrenergic afferents from the NST
and caudal VLM can activate AVP neurons [64]. Meanwhile, the
GABAergic inhibitory input to AVP neurons from the diagonal
band of Broca and the perinuclear zone of the SON are reduced
[58, 65]. The increases in the excitatory events and decreases in
the inhibitory events strongly facilitate AVP secretion, which is
particularly significant in the water-retaining diseases such as
CHF. In patients with CHF, although an increased preload could
trigger the atrial volume reflex, degeneration of myocardium
and the enlargement of the heart volume can significantly
reduce the sensitivity of volume sensors to an expansion of
blood volume, thereby reducing volume reflex. At the same
time, stretch-elicited ANP release is also reduced, which
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weakens the antagonistic effect of ANP on ANGII-elicited AVP
secretion [53-54]. To worsen this situation, the reduction of
cardiac output decreases the efficient arterial volume and
causes hypotension, which triggers a strong pressor reflex, as
hepatic cirrhosis does [3]. Thus, a potential atrial volume reflex
is masked by the pressor reflex [62]. The resultant activation
of sympathetic outflow and RAAS as well as increases in AVP
secretion and peripheral resistance could partially restore the
blood pressure. However, these changes do not repair the
damaged cardiac tissues but increase their afterload, which
could further damage the degenerated cardiac tissues and
reduce the efficient arterial volume. Under this condition, the
RAAS remains active due to the reduction in kidney perfusion
and activation of RSNA [11, 14]. The activation of RAAS together
with other blood-borne factors and direct neural activation
strongly increase AVP release.

In reviewing interactions between these nonosmotic and
osmotic factors, one crucial question is: what accounts for the
failure of hyponatremia to exert its suppressive effects on AVP
secretion at the local neural circuit? It has been reported that
in the PVN of rats with heart failure, there are higher levels of
glutamate, noradrenalin (NA) and ANG | receptor, and lower
levels of GABA, neuronal NO synthase (nNOS), and the 67-
kDa isoform of glutamate decarboxylase (GAD67, the enzyme
converting glutamate to GABA) [66]. In hepatic encephalopathy,
expression of astrocyte glutamate transporter GLT-1 is also
decreased, resulting in reduction of glutamate transport and
thus an enhancement of extracellular glutamate levels [67-68].
While these excitatory nonosmotic influences on AVP neurons
blunt atrial volume reflex in heart failure [69], they could also
negate or neutralize the inhibitory effects of hyponatremia
on AVP secretion in view of the neurohumoral regulation that
hypoosmotic inhibition is largely derived from suppression of
excitatory input to AVP neurons [22].

In the generation of hypersecretion of AVP, blood-borne
factors, particularly peptide hormones, play critical roles. By
acting on osmosensory brain areas where blood brain barrier
(BBB) is not intact, these peptides can access osmosensory
neurons and directly change their activity, leading to changes
in AVP secretion. Besides the role of RAAS discussed above,
other peptides implicated in the activation of AVP neurons
are endothelin [70], relaxin [71], L-thyroxin [72], secretin [73],
interleukin-6 [74], and others such as kisspeptin-10 [75] and
neuronostatin [76]. It is particularly interesting to examine
the roles of AVP in the generation of hyponatremia. Under
pathological conditions, excessive activation of AVP receptors
can worsen the hyponatremia and cause brain damage. It is
generally accepted that AVP actions are mediated by three
AVP receptors: V1a, Vib and V2 [5]. V2 receptor activation
promotes water reabsorption in renal medulla by increasing the
expression and function of a water channel protein, aquaporin
(AQP)-2 [77] and Na-K-2Cl co-transporter [78]. These effects
promote water and sodium reabsorption and form a basis
of hyponatremia. V1a receptor is mainly located at vascular
smooth muscles. The activation of V1a receptor can activate
RAAS and sympathetic nerve outflow [79]. Activation of this
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receptor can also stimulate Na*/H* exchanger activity in the
BBB [80] and thus, promote brain edema and infarction [81].
V1b receptor is not required for normal MNC function; however,
overactivation of V1b receptor can worsen brain edema by
modulating astrocytic water permeability [82]. A sustained
stimulation of AVP receptors has been found to impair cerebral
vasculature [83] and kidney functions [84]. Taken together,
increases in AVP secretion can promote water retention and
vasoconstriction whereas excessive activation of AVP receptors
could exacerbate brain edema during hyponatremia, even
brain and kidney damage, leading to further hydromineral
imbalance and worsening of the primary diseases.

Inthe osmoticregulation, AVP secretionisunderthe modulation
of local neural circuits involving synaptic input, interactions
between astrocytes and AVP neurons, and autoregulation of
AVP neuronal activity, etc. The synaptic input is the essential
link of systemic regulation of AVP neuronal activity while other
local factors constitute an inherent facilitatory machinery
of AVP secretion during prolonged hyponatremia. In rat
hypothalamic explants, hypoosmotic stimulation induced
prolonged AVP release following a brief inhibition [42]. This
biphasic feature of AVP secretion during hyponatremia
indicates a reduction of osmosensory threshold in osmosensors
or an activation of inherent facilitatory machinery of AVP
neuronal activity. This proposal is supported by a number of
other observations. For instance, a reduction of hyperosmotic
stimulation triggered a rebound increase in AVP release after
a short decrease in the hypothalamic explants [42]; low plasma
osmolality was sensed as “normal” by AVP neurons in pregnant
rats [85]; direct osmotic stimulation of the SON and PVN by
microdialyzing hyperosmotic medium increased intranuclear
release of AVP, which was further enhanced after replacement
of hyperosmotic with isoosmotic fluid [86]; and the expression
of B-adrenoceptors in astrocytes, a sensor of NA, can be
re-boosted during the rehydration in dehydrated rats [87].
Obviously, a relative reduction of osmolality can increase AVP
neuronal sensitivity to osmotic and nonosmotic stimuli at the
level of local neural circuits.

Several lines of neurophysiological processes can explain this
phenomenon including adaptive features of AVP neurons,
changes in the neurochemical environment and glial neuronal
interactions. Here, we will examine the first two features. First,
the reduction of osmosensory threshold is attributable to an
adaptive change in the osmotic sensitivity of AVP neurons.
When decreased osmolality leads to cell swelling, a stretch-
inactivated cation channel (SIC) of osmosensory neurons in the
hypothalamus is inactivated, which hyperpolarizes the MNCs
and reduces sensitivity of the MNCs to the excitatory input
[63]. Theoretically, the SICs could become sensitive to osmotic
change again when the “excessive water” is evenly distributed
in whole cells (away from the membrane) or water efflux occurs
due to relative increases in extracellular osmolality. Actually,
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in the cell volume regulation, organic osmolytes are released
following the swelling of astrocytes [47], which could activate
AVP neurons through the activation of SICs [30]. In addition,
the secondary activation of MNCs can also be mediated by
integrin-mediated activation of TRPV channels [37, 39]. It will
also be very interesting to examine the contribution of newly-
identified melastatin-related subfamily of TRP channels, TRPM4
and TRPM5 [88] to the adaptation of osmosensory neurons.

Atthelocal neural circuit, osmotic modulation of autoregulatory
process of AVP neurons could also change the balance
between excitatory and inhibitory neurotransmitters and
neuropeptides, which may contribute to this hypersensitivity
of AVP neurons. NO is a negative feedback mediator of ANG
ll-elicited AVP secretion [89], partially via increasing GABA
release [90]. The reduction of NO production and GABA levels
in the PVN in heart failure [66] could facilitate AVP secretion
elicited by glutamatergic transmission [91]. In addition, many
co-localized peptides in AVP neurons [92] could be involved in
the reduction of osmosensory threshold. Under pathological
conditions, facilitatory peptides for AVP secretion can be
released within the brain while inhibitory peptides remain
unchanged or reduced. For instance, when AVP release is
increased, inhibitory apelin accumulates in these neurons
rather than being released [93]. In elderly people, the level of
facilitatory interleukin-6 (IL-6) is high while inhibitory insulin
growth factor-1 (IGF-1) is low [94], which partially accounts for
the high morbidity of elderly patients with hyponatremia [1].
As a whole, adaptive changes in osmosensors and increases
in local facilitatory factors for AVP neuronal activity as well
as special glial AVP neuronal interactions (see below) cause a
reduction of osmosensory threshold and make AVP neurons
more sensitive to systemic nonosmotic stimuli.

It has been shown that acute hyperosmolality-induced Fos
expression in the SON depends on normal functions of
astrocytes [95]; thus, the participation of astrocytes is an
essential step in systemic regulation of AVP neuronal activity.
The interactions between astrocytes and AVP neurons are
multiple. (1) Astrocytes mediate the communication and
volume exchanges between blood vessels and neurons
through rich vascular networks [96] and AQP-4 on astrocytes
around the MNCs [97]. (2) Astrocytes can sense changes in
neuronal activity by expressing neurotransmitter and/or
neuromodulator receptors such as adrenergic [98], adenosine
A2A [99], OXT [100], and GABA receptors [101]. (3) Astrocytes
are a rich source of neurochemicals such as taurine [102],
glutamate [103], and D-serine [27], and can release these
gliotransmitters in response to changes in local neurochemical
environment. (4) Astrocytes can buffer changes in extracellular
environment such as water through AQP-4 [97], K™ though SK3
Ca?*-dependent K* channel [104], GABA by GABA transporter
3 [105] and glutamate via GLT-1 [106]. (5) There are metabolic
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couplings between astrocytes and MNCs. For instance,
astrocytes provide glutamine to the MNCs, which is converted
from glutamate by glutamine synthetase [107]. (6) The activity
of AVP neurons can change astrocytic plasticity. For instance,
brain AVP causes astrocyte swelling by activating both V1a [83]
and V1b [82] receptors, and active neuronal activity in the SON
increases intracellular Ca2* levels in astrocytes by ATP and NA
[98]. Meanwhile, AVP neurons can also sense gliotransmitters
and change their firing activity echoing astrocytic plasticity
such as inhibitory responses to astrocytic taurine [102],
excitatory responses to D-serine [27]. (7) There are rich
gap junctions between astrocytes in the SON, PVN and the
posterior pituitary [108] and between neurons and astrocytes
in the SON [109]. The extensive junctional connections make
astrocytes and AVP neurons a functional syncytium. By this
syncytium, astrocytic modulation of AVP neuronal activity
could be greater than any single source of synaptic input in
response to systemic challenges. (8) Morphological plasticity
of astrocytes determines the strength of interactions between
astrocytes and AVP neurons. A retraction of astrocytic
processes around AVP neurons increases their relative distance
and then reduces astrocytic influences of AVP neuronal activity
[7-8]. As a result, cellular apposition and junctional coupling
between AVP neurons increase significantly, which promotes
mutual excitation of neighboring AVP neurons [7]. Finally,
plastic changes in glial fibrillary acidic protein (GFAP), a major
cytoskeletal element of astrocytes, largely determine the
morphological and functional plasticity of astrocytes through
direct molecularinteractions with AQP-4, glutamine synthetase
and actin filaments and others [110]. These structural and
functional features determine a critical position of astrocytic
plasticity in systemic and local modulation of AVP neuronal
activity.

During hypoosmotic challenges, interactions between
astrocytes and AVP neurons turn an initial inhibitory action
into a facilitatory effect. When blood osmolality decreases,
excessive water can get into the brain through BBB, which
creates a hypoosmotic environment in the brain [80]. In
this environment, a bimodal cell volume regulation occurs:
swelling and the ensuing regulatory volume decreases (RVD)
in both astrocytes [26] and neurons [111]. Relative to neurons,
astrocytes are more sensitive to the osmotic change due to
their high ability to take up excessive water and ions rapidly
through AQP-4 and associated ionic channels [104, 112] while
volume modulation in the MNCs is relative weak [113]. It has
been observed in vitro that hypoosmotic stimulation caused
astrocyte swelling within minutes, followed by a compensatory
volume-dependant release of organic osmolytes and
osmotically-obligated water [47]. The cell swelling activates
several anion channels, particularly the volume-activated anion
channels and the volume-sensitive outwardly rectifying anion
channel [114]. Their activation leads to extrusion of intracellular
osmolytes such as K*, CI"and small organic molecules including
taurine, glutamate, and D-aspartate and (3-alanine, and results
in the RVD [115]. By transferring excessive astrocytic volume
into extracellular space and finally into blood vessels in the
hypothalamus [96-97], the RVD of astrocytes could attenuate
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neuronal swelling and maintain MNC functions. It is worth
noting that in the RVD, Na*-K*-ATPase plays an important
role by removing Na* from the cells [116]. The severity of
hyponatremia in menstruant women has been attributed to an
inhibitory effect of estrogen on Nat-K*-ATPase and the ensuing
long cell swelling [116]. In patient of water-retaining diseases,
the encephalopathy can occur either acutely in 24-48 hours or
in several days [47]. This is clearly due to the huge volume of the
brain and the buffer ability of whole body compared to the cell
culture of hypothalamic explants. However, a consequence of
brain swelling among the survivals is brain volume reduction
from single cells to whole brain [47], which matches the in
vitro effects of hypoosmolality on astrocytic activity. The
general match credits the usage of in vitro hypoosmotic study
in revealing hyponatremic neuropathogenesis despite their
temporal differences.

Mechanistically, the initial cell swelling is consistent with a
dramatic inhibition of AVP neuronal activity [22] and the
reduced AVP secretion [43] . This is related to the release of
inhibitory astrocytic taurine and [-alanine at early stage
of hyponatremia [115]. Taurine is an endogenous agonist
of glycine receptor [117]; B-alanine is the inhibitor of GABA
transporter and can increase extracellular GABA levels [118].
Thus, both taurine and {3-alanine can inhibit AVP neuronal
activity following their release from astrocytes during the RVD.
In addition, by extending astrocytic processes around AVP
neurons during cell swelling, hyponatremia can also inhibit
AVP neuronal activity by reducing extracellular K*, glutamate
and interneuronal interactions that normally facilitate AVP
secretion as previously reviewed [7-8].

Mechanisms underlying the later rebound increase in AVP
release [42] or brain volume reduction [47] is more complex
relative to the initial inhibition. The rebound increase in AVP
secretion cannot be explained merely by a conversion of
inhibitory to excitatory influences of hyponatremia on AVP
neurons directly or by acting on their presynaptic excitatory
input, since a pure hyponatremic condition caused only
inhibitory responses of AVP neurons in vivo [30]. Alternatively,
astrocytic RVD can account for the increased AVP secretion by
the following approaches. (1) The release of organic osmolytes
during the RVD [26] could form a relatively high osmotic
microenvironment around AVP neurons. The relative high
osmolality in turn causes shrinkage of AVP neurons by drawing
water out of the MNCs, and then activates the SICs [30] to allow
more AVP release. (2) Losing contents in the astrocytes during
RVD [26] could cause a retraction of astrocytic processes
around AVP neurons, which decreases the inhibitory influence
of astrocytes on AVP neurons [7-8]. (3) Glia retraction can
dramatically reduce gap junctional interactions, particularly
those between astrocytes and AVP neurons. The reduction of
junctional communication frees AVP neurons from synergistic
restriction orinfluence of astrocytic activity on neuronal activity
and thus, makes the response of individual AVP neurons more
flexible to systemic stimuli. (4) Loss of the inhibitory taurine
and B-alanine following the RVD [26, 119] also contributes
to the high excitability of AVP neurons during prolonged
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hyponatremia. Obviously, these factors can contribute to the
reduced osmosensory threshold in AVP neurons.

In the generation of cell swelling and the ensuing RVD, GFAP
could be an important contributor. GFAP plasticity largely
determines the extension and retraction of astrocytic processes
[120] in association with changesin AQP-4 expression and actin
filament in the SON [107]. Thus, increases in GFAP expression
could account for cell swelling. This proposal is supported by
the findings that astrocyte swelling evoked by high Kt and
hypoosmotic solution is significantly slower in GFAP-deficient
mice compared to wild-type mice [121] and that loss of GFAP
resulted in an inhibition of hypertrophy of astrocytic processes
following hypoosmotic stimulation [122]. Likewise, a reduction
of GFAP could facilitate the RVD by increasing its association
with actin filament to cause the retraction of plasma membrane
and by decreasing its association with AQP-4 to reduce water
influx as previously discussed [110]. Moreover, patients of
hepatic encephalopathy is associated with a loss of GFAP [123]
or no increase in GFAP [124], suggesting that GFAP is reduced
after the initial increase during cell swelling [121-122]. Thus,
the RVD and GFAP-guided glial retraction are functionally
synergistic, and could jointly facilitate AVP neuronal activity.

In addition to astrocytes, microglial cells are also implicated
in neurophysiological regulation of AVP neuronal activity
[125]. Microglia are known to repair damaged tissue and
control infection by phagocytosing apoptotic and necrotic
cells; their activation can also increase AVP secretion. Local
hyponatremia and cell swelling can increase chloride influx
in microglia and promote the formation of lamellipodia [126].
Since lamellipodium extension and retraction are the driving
force for cell migration, hyponatremia could attract microglia
into brain tissues. Since osmosensors around the AV3V are not
shielded by BBB, they should be the most accessible region for
microglia to move in and could promptly receive the influence
of microglial cytokines when hyponatremia occurs. Microglia
are a rich source of cytokines including tumor necrosis factor
(TNF-a), IL-1, and IL-6 [127], etc. These cytokines can either
directly increase AVP secretion such as IL-6 [94] or indirectly
by increasing IL-6 [127]. Thus, the activation of microglia can
promote AVP hypersecretion.

Cellular mechanisms directly determine responses of AVP
neurons to systemic and local stimuli. The cellular mechanisms
include direct reactions of AVP neurons to osmotic stimuli and
their responses to changes in the neurochemical environment.
In response to osmotic challenges, a dilution of ions and
organic osmolytes occurs in extracellular space around AVP
neurons. The low extracellular Na*t reduces the driving force for
action potential generation and in turn inhibits AVP neuronal
activity [30]. The low Na* inhibition could be alleviated by
membrane depolarization due to a potential intracellular Na*



This article is available from:

accumulation, resulting from an inhibition of Na*/Kt pump
by lower extracellular K* and AVP-elicited hypoxia [128].
Long term hypoosmotic influence is also related to changes
in genomic processes and cellular structures [129], which
remains to be further studied in CHF model. Consensus is that
cell swelling and the RVD, particularly in astrocytes, are critical
in the hypersecretion of AVP. This volume regulation involves
a series of cellular and molecular events such as ECM [130],
receptors [87, 131], actin cytoskeleton [33], ionic channels [56],
etc. These events occur in certain spatiotemporal orders under
the guidance of sequentially activated signaling molecules
that are elicited by hyponatremia.

The first hypoosmotic signal triggering cell swelling is CaZ*. It
has been reported that decreases in extracellular osmolality
or ionic strength initially cause mild cell swelling, which
activates CaZ*-permeable cation channels such as TRPV 4
[132] and leads to a net influx of Ca2* from the extracellular
space. This Ca2* influx and/or the increase in membrane
tension further trigger Ca2* release from intracellular stores
[133]. The resultant increase in intracellular Ca2* levels and
subsequent activation of calmodulin (CaM) kinase [134-135] are
essential for cell swelling and the ensuing RVD. As shown in
rat cerebral astrocytes, intracellular application of monoclonal
anti-CaM antibody blocked hypoosmolality-activated volume-
regulated anion channels [135]. Ca2* entry and the activation
of CaM increase membrane expression of AQP-4 [136], which
facilitates clearance of extracellular K and glutamate and
moves free water into the astrocytes [112, 137]. Another result
of Ca2* increase in swollen astrocytes is the activation of NOS.
Activation of NOS has a dual effect on AVP neuronal activity:
inhibiting AVP neurons by NO-related GABA release [90] and
damaging multiple functional molecules by protein tyrosine
nitration (PTN), particularly those metabolizing glutamate
[134]. The inhibitory effect of NO is a transient event and
could be removed as the decrease in brain NO production in
heart failure [66] whereas, PTN-mediated excitatory effect can
exert a long lasting effect even if NO production is reduced as
discussed below.

In the pathogenesis of brain edema, increases in glutamate
around MNCs [66, 68] create a self-amplifying signaling
loop by activation of NMDA receptors and the ensuing PTN,
initiated by the hypoosmotic stimulation, particularly in those
accompanying with hyperammonemia in hepatic cirrhosis
[138]. An overactivation of NMDA receptor, mainly at the
extrasynaptic sites due to GLT-1 inhibition [68], increases NO
production and the ensuing PTN formation [139]. The PTN
was colocalized with GFAP and glutamine synthetase [140] as
well as glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
extracellular signal-regulated protein kinase (ERK) 1/2 and
the peripheral benzodiazepine receptor (an allosteric binding
site of GABA, receptors) [139]. Among them, nitrosylation of
glutamine synthetase has been associated to inactivation of
this enzyme [139]. The inactivation of glutamine synthetase,
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inhibition of GLT-1 [68] and reduction of GAD67 [66] collectively
increase extracellular glutamate levels, and facilitate AVP
secretion.Inaddition, hypersecretion of AVP under pathological
hyponatremia could also cause malfunction of GFAP plasticity,
energy metabolism, GABAergic action, and cell signaling
due to a potential damaging effect of PTN on GFAP, GAPDH,
and benzodiazepine receptor. If the hyponatremic and/or
hyperammonic states are not resolved promptly, the damage
to normal cellular/molecular regulation could be irreversible.
Thus, blocking the formation or relieving the actions of PTN will
be the key for restoration of the cellular processes controlling
AVP secretion.

Downstream to the CaZ*/CaM, phosphorylated (p) ERK 1/2
could be a crucial signalin the cell volume regulation. Following
CaZ* entry, pERK 1/2 is increased as shown in trout hepatocytes
[141]. In this preparation, chelating extracellular CaZ* to prevent
CaZ*-associated cell swelling also abolished hypoosmolality-
elicited pERK 1/2 increases. The following evidence supports a
functional role of pERK 1/2 in cell volume regulation. Blocking
the activation of ERK 1/2 [141] significantly reduced cell
swelling and the ensuing RVD; GFAP expression depends on
increases in pERK 1/2 [142]. Thus, pERK 1/2 is the downstream
event of Ca2*/CaM signals and plays a critical signaling role
in the volume regulation. Other signaling molecules involved
in hypoosmotic regulation are Src kinase [38], p38 mitogen-
activated protein kinase P38 MAPK [141], protein kinase C
[143] and phosphoinositide 3-kinase [144], etc. Among these
molecules, has been identified as another key signal for the
occurrence of RVD. P38 MAPK was increased following the
increases in pERK 1/2 and remained at high levels even when
pERK 1/2 decreased, and blocking this kinase also blocked the
RVD in an efficiency more than blocking ERK 1/2 [141]. Thus,
it is possible that activation of ERK 1/2 is responsible for GFAP
polymerization and cell swelling as well as the initiation of
the RVD while activation of P38 MAPK is the major player of
hypoosmolality-elicited RVD.

Taken together, the cellular mechanisms underlying AVP
hypersecretion is as the follow. In response to hypoosmotic
stimulation under the pathological conditions, strong NMDA
receptor activation and membrane tension activate CaZ*
permeable cationic channels, and that triggers intracellular
CaZ* mobilization. Increases in intracellular CaZ* levels activate
CaM kinase, NOS and pERK 1/2. These factors together with
expansion of GFAP and AQP-4 expression promote cell
swelling. A subsequent activation of P38 MAPK and GFAP
collapse together with activation of anion channels result in
the RVD. RVD and the PTN create an excitatory environment
around AVP neurons, thereby leading to AVP hypersecretion
upon the prevailing actions of nonosmotic stimuli over the
inhibitory hypoosmotic reflex. This proposal is, in general,
consistent with hypoosmotic regulation of cellular volume
in hepatic encephalopathy [145]. summarizes the
hypothetic neurophysiological mechanisms underlying AVP
secretion.

© Copyright iMedPub



This article is available from:

SON, PVN

ANGII ANP
Glutamate GABA

NA  NO )
Posterior

Pituitary

Glutamatef ANGIIT ANP&
PTN 4 GABAY IGF-1

TNF-cfh NAQ L6 A

Water Water AVP O °°
\~ s

FIGURE 1. Diagrammatic drawing of the neurophysiological
mechanisms underlying hypersecretion of AVP in water-
retaining diseases. /.. Physiological regulation of AVP secretion.
The activity of AVP neurons in the SON and PVN is modulated
by a balanced influence of excitatory versus inhibitory factors
including synaptic input from presynaptic neurons (PN)
driven by systemic message including extracellular osmolality,
blood volume and pressure, plasticity of astrocyte (AC) and
autoregulation of AVP neurons. Exchanges of water and other
osmolytes between brain tissues and blood vessels (BV) are
in a balance. A close structural and functional association
between astrocytes and AVP neurons can minimize changes
in extracellular environment and reduce interactions between
neuronal somata and dendrites (Den). In the extracellular
space, excitatory (in red font) and inhibitory (in black font)
neurochemicals are evenly functioning. Thus, the activity
of AVP neurons varies in a relatively narrow range and AVP
release at the posterior pituitary is in a slow pace. . In water-
retaining diseases, nonosmotic stimuli override inhibitory
hypoosmotic reflex at the systemic level, and that dramatically
changes structural and functional features of the local neural
circuits. Following the RVD, more water and osmolytes are lost
and astrocytic processes retract from the surrounding of AVP
neurons. Thus, the barrier and buffer effects of astrocytes on
AVP neuronal activity are removed, which directly increases the
interactions between neuronal somata and dendrites, and the
magnitude of changes in the extracellular environment varies
greatly upon systemic stimuli. Meanwhile, AVP released at the
posterior pituitary is more accessible to the blood vessels. In
addition, hypoosmolality, hypoxia and/or AVP actions could
activate microglia (MG) and increase cytokine release. As a
result, excitatory neurochemicals overwhelm the inhibitory
neurochemicals; AVP neurons become highly active and AVP
hypersecretion occurs.
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Understanding the neurophysiological bases of hypervolemic
hyponatremia-evoked by hypersecretion of AVP is a critical step
to control water-retaining diseases and to extend the life-span of
these patients. In clinical control of hypervolemic hyponatremia,
common measures include prevention of volume overload,
neurohormonal blockade, preservation of renal function,
restraint of fluid intake, hyperosmotic saline infusion, and
discontinuing drugs that may worsen hyponatremia, etc [1, 4].
However, even using vaptans to block both V1aand V2 receptors,
the most popular modern therapy of the hyponatremia, cannot
reduce the morbidity and mortality in CHF [146]. Reviewing
reasons that can account for the mortality reveals that high
circulating AVP level is nevertheless an important factor due to
its facilitation of brain edema and damaging effect on the BBB.
The possible involvement of AVP itself can be foreseen from
the preventive effect of re-introduction of hyponatremia on
the demyelination, a common complication that occurs during
hyperosmotic correction of the hyponatremia. The occurrence
of demyelination is related to increases in BBB permeability
and microglial activation [147]. Interestingly, re-induction of
hyponatremia but not reduction of BBB permeability only
resulted in a significant decrease in mortality after the correction
of chronic hyponatremia in rats [148]. Hyponatremia can inhibit
AVP secretion, at least in a short time frame [129]; thus, the effect
of re-introduction of hyponatremia could be due to an inhibition
of AVP secretion. Moreover, minocycline, an inhibitor of
microglial activation, also decreases BBB permeability, decreases
the expression of IL-1 and PTN, and reduces the loss of GFAP
immunoreactivity [149]. All these microglial factors or actions
are related to AVP hypersecretion during hyponatremia; thus, it
further strengths the possibility that a reduction of AVP levels is
involved in the therapeutic effect. In support of this possibility,
lovastatin, an agent that can antagonize vasoconstriction
effects of AVP [150], was also found to reduce the demyelinative
lesions by decreasing the accumulation of microglia and their
expression of TNF-a [147]. Thus, the possibility is high that
the hypersecreted AVP plays a pivotal role in the generation
of demyelination. For this reason, even though vaptans and
other measures can correct the hyponatremic symptoms but
they could not repair the damaged brain tissues or block some
unknown harmful effects of the hypersecreted AVP, thereby
failing to reduce the mortality.

Therapeutically efficient approach of hyponatremia by
inhibition of AVP hypersecretion, however, would not be
established until more direct evidence is available. Therefore,
further exploration of the neurophysiological bases underlying
hypervolemic hyponatremia will undoubtedly enlighten our
strategies to control the hypervolemic hyponatremia and
reduce the mortality of water-retaining diseases.
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