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ABSTRACT

Osmoreceptors regulate sodium and water balance in a manner that maintains
the osmotic pressure of the extracellular fluid (ECF) near an ideal set point. In
rats, the concerted release of oxytocin and vasopressin, which is determined by
the firing rate of magnocellular neurosecretory cells (MNCs), plays a key role
in osmoregulation through the effects of natriuresis and diuresis. Changes in
excitatory synaptic drive, derived from osmosensitive neurons in the organum
vasculosum lamina terminalis (OVLT), combine with endogenously generated
osmoreceptor potentials to modulate the firing rate of MNCs. The cellular basis
for osmoreceptor potentials has been characterized using patch-clamp record-
ings and morphometric analysis in MNCs isolated from the supraoptic nucleus
of the adult rat. In these cells, stretch-inactivated cationic channels transduce
osmotically evoked changes in cell volume into functionally relevant changes in
membrane potential. The experimental details of these mechanisms are reviewed
in their physiological context.

INTRODUCTION

Among the physiological parameters whose short-term stability is most ag-
gressively defended by vertebrates is the osmotic pressure of the extracellular
fluid (ECF). Terrestrial mammals, in particular, have long been known to main-
tain a relatively constant ECF osmolality despite pronounced variations in salt
and water intake (18). This observation implies that osmoregulatory responses
present in these animals are subject to control by osmoreceptors, sensors spe-
cialized for the detection of small changes in fluid osmolality. In this review, we
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focus on recent advances concerning the cellular and molecular basis for signal
transduction in osmoreceptors of the central nervous system (CNS). The signifi-
cance of the findings is best emphasized if considered in a relevant physiological
context. We begin, therefore, with a brief historical overview of osmoreceptors
and of their functional role in the regulation of body fluids.

Osmoreceptors and Body Fluid Homeostasis
In mammals, CNS osmoreceptors are known to contribute to the concerted reg-
ulation of sodium and water balance in a manner that maintains the osmotic
pressure of the ECF near an ideal set point (12). Thus the maintenance of
an equilibrium between water intake and excretion is achieved largely through
osmoreceptor-driven changes in thirst and diuresis. By analogy, sodium bal-
ance is maintained, in part, through osmotically regulated changes in sodium
appetite and natriuresis (68). Not surprisingly, acute disturbances in either
sodium or water balance can produce rapid shifts in ECF osmolality. The clin-
ical consequences of such perturbations are mainly neurological (3, 4, 5) and
include confusion, paralysis, coma, and convulsive seizures. When particu-
larly severe, osmotically evoked brain swelling or shrinking can have traumatic
or even lethal consequences (4, 5, 29, 46). Mechanisms underlying osmore-
ception and osmoregulation, therefore, are of considerable pathophysiological
interest.

Discovery of Central Osmoreceptors
In 1937, Gilman (26) observed that drinking in dogs could be provoked by
systemic infusion of hypertonic sodium chloride, but not by equivalent osmotic
loads of membrane-permeant urea. He concluded, therefore, that the sensation
of thirst must arise as a consequence of cellular dehydration; the reduction of
cell volume that results from water efflux upon increases in external osmotic
pressure. At that time, however, investigators did not know whether the sensa-
tion of thirst resulted from a generalized decrease in the volume of all cells, or
from the activation of specialized receptor cells or tissues.

The term osmoreceptor was first introduced by EB Verney in the discussion
of his now classic series of experiments on the release of vasopressin (88),
the antidiuretic hormone. Similar to Gilman’s findings on thirst (26), Verney
discovered that vasopressin release in dogs can only be evoked by hypertonic
solutions comprising membrane-impermeant solutes, such as sodium chloride,
sodium sulfate, or sucrose, but not by hypertonic urea. Further, by studying the
effects of acute infusions of hyperosmotic solutions into different arteries and
veins, Verney concluded that osmoreceptors regulating vasopressin secretion
were located within the brain. In subsequent experiments featuring intracra-
nial lesions and arterial ligations, Jewell & Verney established that central
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osmoreceptors controlling vasopressin release were located in the anterior re-
gion of the hypothalamus (31).

Osmoreceptors Comprise Neuronal Elements
As indicated above, osmoreceptors in the CNS contribute not only to the regula-
tion of water balance, but to sodium homeostasis as well (12). Moreover, most
of the responses regulated by osmoreceptors are either directly or indirectly
mediated by the brain. The osmotic regulation of sodium and water intake,
for example, is achieved by changes in ingestive behavior brought about by
variations in perceived thirst (2, 23, 67, 79–82) and appetite for salt (9, 75, 83,
92). Osmotic control of renal diuresis and natriuresis is also centrally mediated
via the release of hormones by neurosecretory neurons (6, 13, 20, 42, 44, 61,
67). Because signals derived from osmoreceptors must ultimately be relayed
to neurons mediating each of these responses, osmoreceptors themselves must
comprise neuronal elements.

Location of Central Osmoreceptors
There is no reason a priori why the brain should house only one osmorecep-
tor. In fact, signals derived from a variety of central and peripheral receptors
may eventually converge on each of the osmoregulatory output systems (12),
thereby providing useful redundancy in the osmotic control of body fluid bal-
ance. Moreover, because all cells in the brain are exposed to variations in ECF
osmolality, neurons responsible for the activation of various osmoregulatory
reflexes might themselves be intrinsically sensitive to changes in osmolality
(12).

Lesion experiments by many investigators have suggested that structures near
the anterior part of the hypothalamus are important not only for vasopressin se-
cretion (25, 32, 34, 37, 38, 42, 49, 62, 69, 72, 80–82), as found by Jewell &
Verney (88), but also for the osmotic regulation of thirst (25, 32, 36–38, 43,
80–82), sodium appetite (83), and natriuresis (6, 7, 41, 45, 78). Indeed, the
results of these and other studies (12) suggest that osmotic control of most os-
moregulatory responses is achieved through central pathways originating from
neurons located in three structures associated with the lamina terminalis: the
subfornical organ (SFO), the median preoptic nucleus (MnPO), and the organum
vasculosum lamina terminalis (OVLT). Neurons in these areas, therefore, may
effectively operate as cellular osmoreceptors. In agreement with this hypoth-
esis, electrophysiological experiments in vivo have demonstrated the presence
of osmoresponsive neurons in each of these loci (12). Moreover, recordings
obtained in vitro under conditions blocking synaptic transmission have demon-
strated that at least some of the neurons located in the SFO (12, 71), MnPO (65),
and OVLT (65, 89) are intrinsically sensitive to changes in fluid osmolality.
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Osmosensitive neurons, however, can only be recognized as functional os-
moreceptors if they also can be shown to innervate and regulate neuronal
elements responsible for the genesis of specific osmoregulatory responses. Be-
cause the neural circuits mediating thirst and sodium appetite are unknown,
definitive proof concerning the location of cellular osmoreceptors regulating
these responses cannot be obtained presently. In contrast, pathways involved
in the osmotic control of neurohypophysial hormone release are well charac-
terized (12) and offer a unique opportunity to investigate the cellular basis for
osmoreception.

OSMOTIC CONTROL OF NEUROHYPOPHYSIAL
HORMONE RELEASE

Neurohypophysial Hormones and Osmoregulation
Vasopressin, the antidiuretic hormone, is one of the two neurohypophysial
peptides synthesized by distinct populations of magnocellular neurosecretory
cells (MNCs) in the mammalian hypothalamus (76, 85). The other product of
MNCs, oxytocin, is well known for its role as a humoral trigger for uterine
contractions at birth and for milk ejection during lactation (13, 61). In the
rat, however, oxytocin also contributes to sodium balance and osmoregulation
because it is potently natriuretic (17, 87) and because its release is regulated by
changes in osmolality (49, 86). Indeed, in this species, systemic concentrations
of both hormones increase as a function of plasma osmolality (20, 67, 86), from
an apparent threshold near 280 mosmol/kg. At the physiological osmotic set
point (≈295 mosmol/kg in rats), both oxytocin and vasopressin are detectable in
blood at concentrations sufficient to contribute to basal natriuresis (17, 87) and
antidiuresis (20, 67), respectively. By suppressing neurohypophysial hormone
release, therefore, hypotonic stimuli simultaneously promote compensatory
sodium retention and water excretion. Systemic hypertonicity, in contrast,
enhances the release of both hormones, which promotes sodium excretion and
water retention. Thus the concerted osmotic control of vasopressin and oxytocin
secretion represents a powerful osmoregulatory response in the rat (12).

Functional Organization of the Hypothalamo-
Neurohypophysial System
Somata of MNCs are located in the paraventricular and supraoptic nuclei of the
hypothalamus (76, 85) from which they emit axons projecting toward the me-
dian eminence (13, 61). Collectively, these axons emerge from the base of the
brain, forming the infundibular stalk, and enter the neurohypophysis where they
individually branch into thousands of neurosecretory terminals (52). Peptides
released at this location reach the general circulation through the fenestrated
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capillaries of the neurohypophysis (28). Experiments with the isolated neu-
rointermediate lobe of the rat pituitary have shown that secretion of oxytocin
and vasopressin from the secretory terminals depends on action potential dis-
charge and that the rate of secretion increases as a function of firing frequency
in the neurohypophysial axons (19). Because the axons and terminals of MNCs
cannot sustain firing in the absence of somatic drive (11), hormone secretion is
primarily determined by the rate at which MNC somata generate action poten-
tials (11, 13, 61).

Plasma Osmolality and Electrical Activity in MNCs
Electrophysiological recordings in anesthetized rats have revealed that the rates
at which action potentials are discharged by the somata of both types of MNCs
vary as positive functions of plasma osmolality (90, 91). Moreover, at the os-
motic set point, both types of MNCs tend to display slow (2–3 Hz) irregular
firing (61), consistent with the presence of low, but measurable, concentra-
tions of plasma vasopressin and oxytocin under resting conditions. Intraperi-
toneal injection of water, which reduces plasma osmolality, inhibits MNCs (14),
whereas injection of hypertonic solutions provokes increases in firing rate (12,
13, 30, 35, 61). Functionally, therefore, osmoreceptor-mediated control of the
rat hypothalamo-neurohypophysial system is achieved primarily via changes
in the rate at which action potentials are discharged by the somata of MNCs.

OSMORECEPTORS FOR NEUROHYPOPHYSIAL
HORMONE RELEASE

A large number of central and peripheral sites may contribute to the osmotic
regulation of neurohypophysial hormone release (12). Cellular osmoreceptors,
however, are defined not only by their intrinsic sensitivity to changes in fluid
osmolality, but also by their ability to regulate neuronal systems responsible
for the production of specific osmoregulatory responses. With respect to such
criteria, only two brain regions can presently be identified as comprising cellular
osmoreceptors controlling neurohypophysial hormone secretion: the OVLT and
the supraoptic nucleus.

Osmoreceptors in the OVLT
Electrolytic lesions encompassing the OVLT have been found to impair os-
motic control of neurohypophysial hormone release (62, 79–82). Moreover,
anatomical studies have indicated that neurons in the OVLT send projections
to hypothalamic nuclei containing MNCs (15, 63, 84, 93, 94). Because some
OVLT neurons are intrinsically osmosensitive (65, 89), it is likely that these
cells represent cellular osmoreceptors contributing to the osmotic control of
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neurohypophysial hormone release. Three additional experimental approaches
support this hypothesis: First, OVLT neurons anatomically identified as pro-
jecting toward the supraoptic nucleus express the protein product of the activity-
dependent immediate early genefosfollowing systemic hypertonic stimulation
(53). Second, OVLT neurons antidromically identified as projecting to the
supraoptic nucleus are excited by hypertonic stimuli in vitro (51). Third, local-
ized hypertonic stimulation of the region of the OVLT in vivo (30) or in vitro
(64, 66) excites hypothalamic MNCs.

Intracellular recordings (66) from MNCs maintained at a potential just be-
low spike threshold by current injection revealed that changes in firing rate
provoked by osmotic stimulation of the OVLT result from a selective mod-
ulation in the frequency of glutamatergic excitatory postsynaptic potentials
(EPSPs). This observation is consistent with electrophysiological data indicat-
ing that axonal projections from the OVLT mediate glutamatergic excitation of
MNCs in the rat supraoptic nucleus (63, 66, 96). Quantitative analysis in vitro
(66) has shown that the frequency of spontaneous EPSPs recorded in MNCs
increases as a function of the osmotic pressure of the solution superfusing the
OVLT, with an apparent threshold near 280 mosmol/kg. Osmoreceptor neurons
in the OVLT, therefore, contribute to the osmotic control of the hypothalamo-
neurohypophysial system via changes in the synaptic excitation of hypothalamic
MNCs (12, 64, 66). Based on these in vitro observations, the electrical activity
of the OVLT neurons involved can be presumed to vary as a positive function
of fluid osmolality with a threshold near 280 mosmol/kg, a value correspond-
ing to the osmotic threshold for neurohypophysial hormone release in vivo
(67, 86).

Intrinsic Osmosensitivity of Hypothalamic MNCs
It was Verney himself who first suggested that MNCs might operate as os-
moreceptors (88). The intrinsic osmosensitivity of MNCs, however, was first
demonstrated by Mason (39) in a report revealing that neurons in the supraoptic
nucleus are depolarized by hypertonic stimulation in the absence of chemical
synaptic transmission. Surprisingly, the functional importance of this response
has not been universally endorsed (62, 70, 81). The main argument against a
physiological role for the intrinsic osmosensitivity of MNCs rests on the fact that
whereas urea readily permeates cell membranes, it has only limited permeabil-
ity across the blood-brain barrier (98). Thus systemic infusion of urea should
cause water to move from the brain parenchyma to the circulation faster than
urea can permeate in the opposite direction, thereby increasing the osmotic pres-
sure on the neural side of the blood-brain barrier (62). Because systemic urea
is ineffective as a stimulus for vasopressin release (88), it is argued that the os-
moreceptors controlling release must lie outside the blood-brain barrier (62, 70,
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81). Although the lack of effect of systemic urea provides indirect support for
the involvement of the OVLT and other circumventricular organs (which lack a
blood-brain barrier) in osmoregulation (70, 81), it does not prove that these sites
comprise osmoreceptors. Furthermore, the observation does not exclude the
possibility that the intrinsic osmosensitivity of MNCs represents an important, if
not essential, aspect of osmotic control. Indeed, intrinsically generated changes
in membrane potential in MNCs may be subthreshold for spike discharge dur-
ing physiological osmotic stimulation (12, 35). If this is the case, functional
excitation in response to systemic hypertonicity would necessitate that excita-
tory synaptic inputs (EPSPs) also be present to trigger the action potentials (12).
Lack of vasopressin release in response to urea (88) or to hypertonic stimulation
in OVLT-lesioned rats (80–82), therefore, simply could be due to the absence or
loss of excitatory synaptic drive under the conditions of these experiments. This
hypothesis is supported by the demonstration that in OVLT-lesioned rats, os-
motically evoked increases in firing rate in MNCs can be restored by providing
a constant excitatory drive through the sustained application of glutamate (34).
By analogy, the total number of impulses discharged during individual milk-
ejection bursts in oxytocinergic MNCs of lactating female rats can be enhanced
by hypertonic stimulation (50). Finally, it is possible that the special properties
of capillaries in the supraoptic nucleus (see below) allow a relatively high per-
meability to urea in this region of the CNS. Considering these results and those
discussed below, it is likely that the intrinsic osmosensitivity of MNCs com-
bines with osmotically regulated excitatory inputs, derived from the OVLT,
to ensure adequate osmotic control of neurohypophysial hormone release in
situ (12).

FUNCTIONAL ANATOMY OF OSMORECEPTORS

The Supraoptic Nucleus
The supraoptic nucleus comprises a compact array of MNC somata, glial cells,
and capillaries (60, 77). Electron microscopic analysis (28) reveals that the
vasculature of the nucleus bears the hallmark features of a functional blood-
brain barrier. Thus the capillary endothelium is not fenestrated and features
few cytoplasmic pits and vesicles. Moreover, the processes of glial cells are
interposed between MNC somata and the endothelial cells of local capillaries.
In agreement with these morphological features, the permeability of endothelial
cells andtrans-endothelial flux of some solutes (per unit area) are as low in the
supraoptic nucleus as they are in other parts of the cerebral gray matter (28).
It has long been recognized that the magnocellular nuclei of the hypothalamus
feature an unusually dense vascularization (22). Indeed, morphometric analysis
reveals that the density, volume fraction, and surface area of the capillary bed

A
nn

u.
 R

ev
. P

hy
si

ol
. 1

99
7.

59
:6

01
-6

19
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

id
ad

e 
de

 B
ra

si
lia

 o
n 

04
/1

3/
15

. F
or

 p
er

so
na

l u
se

 o
nl

y.



       
P1: SDA/KBK P2: SDA

December 30, 1996 17:26 Annual Reviews BOURCHPT AR025-27

608 BOURQUE & OLIET

are four times greater in the rat supraoptic nucleus than in hypothalamic nuclei
lacking MNCs (28). Furthermore, the average capillary diameter within the
supraoptic nucleus is significantly smaller than in other regions. Thus while
solute flux per unit area may be slow across the capillary endothelium of the
supraoptic nucleus (28), the overall permeability of the tissue to water and
various solutes (e.g. urea) may be relatively higher here than in other parts
of the brain. Enhanced permeability to water, in fact, is suggested by the re-
cent observation that this region expresses a high density of mRNA coding for
aquaporin-4 (33), a member of the family of transmembrane water channels
(21). The combination of a large capillary surface area, facilitated water flux,
and low permeability to solutes, suggests that the supraoptic nucleus is opti-
mized to promote rapid changes in tissue volume and parenchymal osmotic
pressure during variations in systemic osmolality.

The OVLT
The OVLT is a member of the specialized group of brain nuclei termed cir-
cumventricular organs. These structures are characterized by both the presence
of a dense vascularization (95) and the absence of a functional blood-brain
barrier (27). Indeed, the capillary endothelium in circumventricular organs is
highly fenestrated and features numerous pits and vesicular profiles. The high
rate of tissue perfusion supported by such features presumably facilitates so-
lute exchange between the vascular and neuronal compartments of the tissue.
A common feature of both osmoreceptors is the facilitated exposure of local
neurons to changes in ECF osmolality.

CELLULAR BASIS FOR OSMORECEPTION

Because the first cells identified as intrinsically osmosensitive were supraoptic
neurons (39), and because such neurons are easily identifiable in various in
vitro preparations from rat brain (13), most of what is currently known about
the ionic basis for osmoreception has come from experiments in rat MNCs.
The main features of the mechanism underlying the osmosensitivity of these
cells are discussed below.

Effects of Osmotic Stimuli on Membrane Voltage and
Conductance
Intracellular recordings from supraoptic neurons in hypothalamic slices (1, 39)
or explants (10) have revealed that MNCs become depolarized when exposed
to hypertonic solutions. In the rat, this response is associated with a reduction
of input resistance (10) and persists in the presence of tetrodotoxin or in Ca2+-
free solutions, suggesting a postsynaptic origin. Voltage-clamp measurements

A
nn

u.
 R

ev
. P

hy
si

ol
. 1

99
7.

59
:6

01
-6

19
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

id
ad

e 
de

 B
ra

si
lia

 o
n 

04
/1

3/
15

. F
or

 p
er

so
na

l u
se

 o
nl

y.



       
P1: SDA/KBK P2: SDA

December 30, 1996 17:26 Annual Reviews BOURCHPT AR025-27

CNS OSMORECEPTORS 609

with sharp electrodes (10) reveal that at potentials near−60 mV, hypertonic
stimuli provoke an inward current associated with an increase of membrane con-
ductance. Although current reversal was not observed in those experiments,
extrapolation of current voltage relations recorded in the presence and absence
of osmotic stimuli suggested a null potential lying between spike threshold
(≈−50 mV) and 0 mV. Because responses were not affected by chloride in-
jections sufficient to invert the polarity of Cl−-mediated inhibitory synaptic
potentials, activation of a nonselective cationic conductance was suggested as
underlying the effects of hypertonic solutions (10).

A procedure permitting the acute isolation of viable and identifiable MNCs
from adult rats has provided the definitive demonstration that these cells be-
have as intrinsic osmoreceptors (55). Thus in the absence of any synaptic input,
MNCs remain sensitive to small changes in fluid osmolality, a response that
cannot be observed in neighboring non-neuroendocrine cells or in cortical neu-
rons (56). A significant observation, first made in isolated neurons (56, 57),
was that individual MNCs respond not only to increases in fluid osmolality,
but to hypotonicity as well. Thus whereas hypertonic solutions provoke mem-
brane depolarization, hypotonic stimuli elicit hyperpolarizing responses. Under
whole-cell voltage clamp (56, 57), brief hypertonic stimulation of MNCs held at
−60 mV elicited a reversible inward current. Current-voltage analysis indicates
that this response results from an increase of membrane conductance and that
the activated current reverses near−40 mV. In the same cells, application of
hypotonic stimuli reduces membrane conductance, suppressing a current that
also reverses near−40 mV. These observations suggest that a single membrane
conductance might be differentially regulated by increases and decreases in
fluid osmolality (58).

Ionic Permeability of the Osmotically Regulated Conductance
During whole-cell recording experiments on isolated MNCs, changes in the
concentration of extracellular or intracellular chloride did not noticeably af-
fect the reversal potential of the current modulated by osmotic stimuli (54, 56,
57). However, removal of external Na+ caused this potential to shift toward
the equilibrium potential for K+ (≈−100 mV) and raising the concentration
of external K+ ions caused the reversal potential to shift toward ENa. Cationic
channels permeable to both Na+ and K+ ions, therefore, mediate the responses
of MNCs to changes in fluid osmolality. Under near-physiological conditions
([K+]O ≈3 mM), the cationic conductance was found to favor K+ over Na+

with a ratio of about 5:1 (54). Because the resting potential of MNCs lies near
−65 mV under resting osmotic conditions (54, 56), activation of this conduc-
tance tends to depolarize the cells toward spike threshold, whereas its suppres-
sion hyperpolarizes the cell and reduces membrane excitability (58).
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Role of Cell Volume in Osmoreception
As described above, centrally controlled osmoregulatory reflexes are believed
to be activated as a consequence of the cellular dehydration that results from
efflux of cytoplasmic water upon increases in external osmolality (26). In order
to determine whether changes in cellular hydration are associated with the re-
sponses of MNCs to osmotic stimuli, we compared the time course of changes
in cationic conductance with that of cell volume in response to the application of
a brief (90 s) hypertonic stimulus. Morphometric analysis using confocal laser
scanning microscopy, and whole-cell patch-clamp measurements revealed that
the osmotically evoked decrease in cell volume occurred simultaneously with
the changes in conductance provoked by the hypertonic stimulus (54, 56), sup-
porting the notion that changes in cell volume play a key role in osmoreception.
The close temporal relationship between changes in cell volume and cationic
conductance further implied that generation of a long-lived second messenger
was unlikely to participate in the production of these responses. Given such
constraints, two mechanisms became apparent as possible candidates for the
regulation of cationic conductance during changes in fluid osmolality. First, be-
cause variations in cell volume associated with osmotic stimulation result from
transmembrane water flux, changes in solute concentration could play a role in
signal transduction. Alternatively, changes in physical strain could mediate the
osmotic regulation of a cationic conductance by modulating mechanosensitive
channels.

Effects of Isotonic Volume Changes on Membrane Conductance
To determine if changes in solute concentration are required for coupling
changes in cell volume to the modulation of cationic conductance, the ef-
fects of cell swelling or shrinking were examined in the absence of osmotic
stimulation (79, 82). Under whole-cell recording conditions, this was accom-
plished readily by modifying the pressure inside the recording pipette while
monitoring cell size through the microscope. Current clamp recordings from
potentials near rest revealed that a decrease in cell volume provoked by pipette
suction elicits a depolarization (56), whereas pressure-evoked cell swelling re-
sults in a hyperpolarization (54). Although these results are consistent with
those obtained during osmotically evoked changes in cell volume, the nature
of the conductance underlying responses to variations in pipette pressure might
have been different from that modulated by osmotic stimuli. Examination
of current-voltage relations recorded during isotonic shrinking and swelling
indicates that depolarizing and hyperpolarizing responses are associated, re-
spectively, with increases and decreases in membrane conductance, and that
the currents underlying both responses reverse near−40 mV (54, 56). More-
over, increases in external [K+] provoked identical changes in the reversal
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potential of the currents modulated by each of the four treatments (56). Finally,
responses to hypertonic stimuli could be reversed by inflating the cells via in-
creased pressure in the recording pipette, and responses to hypotonic stimuli
could be reversed by applying suction to the pipette (54). The results of these
experiments indicate that changes in cell volume, rather than variations in cy-
tosolic solute concentration, are required for the osmotic modulation of cationic
conductance.

PROPERTIES OF SINGLE CHANNELS UNDERLYING
OSMORECEPTION

The importance of changes in cell volume for osmoreception suggests that the
activity of the channels responsible for variations in macroscopic conductance
is physically regulated by cell swelling or shrinkage. Parameters involved in
the regulation of individual cationic channels, therefore, were examined using
single-channel recording techniques.

Supraoptic MNCs Express Mechanosensitive Channels
Under cell-attached conditions, patch-clamp recordings obtained from acutely
isolated MNCs revealed inward single-channel currents when membrane pa-
tches were held at−100 mV (56). Current-voltage analysis revealed a reversal
potential near−40 mV and an open channel conductance of≈32 pS. The
activity of these cationic channels could be reversibly modulated by changes
in pipette pressure, or by modifying the osmolality of the solution surrounding
the cell, thereby identifying these channels as possible mechanotransducers for
osmoreception (56).

Is Channel Mechanosensitivity Required for Osmoreception?
Although these observations suggest that the channels underlying osmorecep-
tion are mechanosensitive, they did not demonstrate that mechanical gating is
involved in transducing osmoreception. As indicated by Morris (47), a num-
ber of criteria must be fulfilled to establish that single-channel mechanosen-
sitivity is responsible for the generation of a macroscopic mechanoreceptor
response. In the context of osmoreception, demonstration of the following
items would be particularly important. First, the physical sensitivity of the
channels should be consistent with the changes in tension that occur during the
volume-dependent regulation of macroscopic conductance. Second, the kinetic
features associated with the direct mechanical gating of channel activity should
be similar to those provoked by osmotic stimulation of the cell. Third, the sen-
sitivity of single channels to a pharmacological blocker should be comparable
to that of the macroscopic osmoreceptor current. Fourth, the dynamic range
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of single-channel responsiveness should agree with that of the physiological
response.

Channel Mechanosensitivity Is Consistent
with Macroscopic Osmoreception
Ideally, the assessment of physical parameters regulating a mechanosensitive
channel would involve correlation of variations in measured channel activity
with observed changes in membrane structure (74). Unfortunately, unless si-
multaneous high-resolution imaging can be performed (73), the precise geome-
try of a membrane patch cannot be determined during a cell-attached recording
experiment. Moreover, while controlled changes in pipette pressure can be
applied through a variety of devices (40), the absolute residual pressure on the
pipette side of a patch is difficult to ascertain, even when the pipette is open to
the atmosphere (48). Under resting conditions, therefore, the orientation of a
patch (i.e. whether convex or concave) and its radius of curvature are unknown.
Fortunately, these problems can be partly overcome by examining channel re-
sponses to a series of changes in pipette pressure (48). Thus assuming that
application of a large negative pipette pressure establishes patch convexity with
respect to the cell, stepwise removal of this pressure, followed by stepwise in-
creases in positive pressure, should gradually flatten the patch and subsequently
provoke increasing patch concavity.

In MNCs, the average opening probability (PO) of the mechanosensitive
channels was found to be maximal near zero pressure and to decrease in re-
sponse to either increases or decreases in pipette pressure (54, 56, 58, 59).
The existence of a symmetric relationship between channel activity and pipette
pressure suggests that the channels expressed in MNCs are not regulated by
forces perpendicular to the membrane, which would vary as a monotonic func-
tion of pipette pressure. Rather, the channels appear to be regulated by changes
in force tangential to the plasma membrane, which would be minimal when
the patch is flat and increase as a function of either patch convexity or con-
cavity. Because their activity is inhibited by increases or decreases in pipette
pressure, the channels expressed in MNCs are identified as stretch inactivated
(SI) (48).

As illustrated in Figure 1, the presence of SI cationic channels in MNCs is
consistent with the osmotic regulation of cell volume, macroscopic conduc-
tance, and membrane potential. Thus by increasing tangential force, hypotonic
cell swelling suppresses SI channel activity, reduces whole-cell cationic con-
ductance, and provokes membrane hyperpolarization. Conversely, relaxation
of tangential forces upon hypertonic shrinkage increases channel activity and
membrane cationic conductance, thereby depolarizing the cell (58).
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Figure 1 Stretch inactivated (SI) cationic channels transduce osmoreception. Under resting os-
motic conditions (middle panel) a portion of the SI cationic channels is active and allows the influx
of positive charge (diagram). Hypotonic stimulation (left) provokes cell swelling and inhibits chan-
nel activity, thereby hyperpolarizing the cell. In contrast, hypertonic stimulation (right) causes cell
shrinking. Activation of an increased number of channels under this condition augments charge
influx and results in membrane depolarization. Traces representing changes in the activity of a
single SI channel are shown below.

Common Changes in Channel Kinetics During
Mechanical and Osmotic Stimulation
Kinetic analysis of recordings made from cell-attached patches containing sin-
gle channels reveals that the distribution of channel open times recorded from
SI cationic channels at rest can be described as an exponential function, with a
mean time constant of 1.6±0.2 ms (59). This value is not affected by changes in
channel activity provoked either by osmotic stimulation of the cell or by mod-
ification of pipette pressure (59). Changes in channel PO, therefore, are not
mediated by variations in the duration of individual channel openings. Channel
closed times observed at rest are distributed more broadly, with dwell time his-
tograms approximating the sum of two or three exponentials (54, 59). Because
the slowest components of such distributions have time constants exceeding
1000 ms, information concerning evoked changes in specific components has
not been obtained. By simplifying the analysis to an examination of the mean
channel closed time (16), however, we have observed that changes in chan-
nel closed time can explain the totality of changes in channel PO evoked by
either variations of pipette pressure or osmotic stimulation (59). Although
further analysis will be required to confirm that the kinetic schemes under-
lying changes in channel PO provoked by both types of stimuli are identical,
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available results support the hypothesis that mechanical and osmotic stimuli
regulate channel gating through a common mechanism.

Gadolinium Blocks Single SI Channels and Macroscopic
Osmoreceptor Current
Previous studies have demonstrated that the trivalent inorganic cation gadolin-
ium (Gd3+) causes open channel blockade of many types of cationic mechano-
sensitive channels (8, 24, 97). In agreement with these reports, addition of
varying concentrations of Gd3+ to recording pipettes was found to cause a
dose-dependent decrease in the mean open time of SI cationic channels in iso-
lated MNCs (59). The concentration at which the mean duration of SI channel
openings was reduced by 50% was≈30 µM. In order to determine whether
Gd3+ interferes with other aspects of osmo-mechanical transduction, we exam-
ined whether high concentrations (100–300µM) of the blocker affect osmot-
ically evoked volume changes or the mechanical sensitivity of the SI channels
themselves. Laser scanning microscopic imaging experiments revealed that
neither the time course nor the amplitude of the volume decrease provoked by
a 60 mosmol/kg stimulus was altered by the presence of 100µM Gd3+ in the
external medium (54, 59). Moreover, recording of SI channels in cell-attached
membrane patches, using pipettes containing 100µM Gd3+, revealed that the
bell-shaped relationship between normalized channel PO and changes in pipette
pressure was identical in the presence and absence of Gd3+ (54, 59). At a con-
centration of 30µM, Gd3+ would be expected to reduce the mean duration of
channel openings by 50% without affecting osmotically evoked changes in cell
volume or mechanically evoked changes in channel closed time and relative
PO. Therefore, if SI channels underlie osmoreception, macroscopic osmore-
ceptor currents should be inhibited by comparable concentrations of Gd3+. In
agreement with this prediction, macroscopic current responses to hypertonic
stimuli were inhibited with an IC50 of ≈40µM (54, 59). Moreover, under cur-
rent clamp, depolarizing osmoreceptor potentials evoked by hypertonic stimuli
were reversibly inhibited by adding 100–250µM Gd3+ to the external solution.
The pharmacological effects of Gd3+ on macroscopic responses, therefore, are
consistent with those observed on single SI cationic channels.

Dynamic Range of SI Channel Activity and Macroscopic
Responses
Single-channel analysis has revealed that the activity of SI cationic channels
in MNCs can be abolished by changes in pipette pressure as small as+3
cm H2O (54, 56, 58, 59). It is conceivable that complete suppression of
channel activity might occur during modest hypotonic stimulation. Indeed,
under whole-cell recording conditions, application of solutions of decreasing
osmotic pressures has revealed that membrane conductance reaches a minimum
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at≈275 mosmol/kg (57). Based on the changes in whole-cell conductance ob-
served during osmotic stimulation (54), it is likely that under resting osmotic
conditions (i.e. at 295 mosmol/kg) approximately 60% of the input conduc-
tance of MNCs is mediated through SI-cationic channels. In support of this
proposal, Gd3+ has been found to inhibit a current reversing near−40 mV
when applied to MNCs bathed in a solution adjusted to 295 mosmol/kg (54).
Application of Gd3+ to MNCs under hypotonic conditions (275 mosmol/kg),
however, was without effect (59). The apparent osmotic threshold for SI chan-
nel activity in vitro, therefore, corresponds to the threshold for oxytocin and
vasopressin release in vivo (67, 86). Indeed, during hypertonic stimulation,
increases in membrane conductance are first detected at 280 mosmol/kg (57).

CONCLUDING REMARKS

Experiments on MNCs of the rat supraoptic nucleus have provided a unique
opportunity to examine the mechanism underlying signal transduction in a
CNS osmoreceptor. Our analysis reveals that cationic channels whose activ-
ity is reduced by membrane stretch may be the molecular mechanotransducers
responsible for converting osmotically evoked changes in cell volume into func-
tionally relevant changes in membrane potential (Figure 1). Although mecha-
nisms underlying signal transduction may be different in osmoreceptors located
elsewhere in the CNS or in the periphery (12), preliminary observations suggest
that the intrinsic osmosensitivity of some cells in the SFO (12), MnPO (65), and
OVLT (65) depends on a mechanism similar to that found in MNCs. However,
a more detailed understanding of the biophysical aspects of osmo-mechanical
transduction must await the identification of the molecular structure of the ion
channels involved and the cytoskeletal molecules that presumably regulate their
gating apparatus.
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