
Why do we feel thirsty? Early theories 
posited that thirst is the local sensation 
of dryness in the mouth and throat1,2, but 
we now know that thirst is a homeostatic 
response to changes in the blood: increases 
in plasma osmolality3–6 or decreases in 
plasma volume7,8 or pressure9 trigger 
the sensation of thirst, which motivates 
animals to find and consume water and 
thereby restore these parameters to their 
physiological set points. In addition, 
animals have evolved complex anticipatory 
mechanisms that predict impending 
changes in fluid balance to enable the 
regulation of drinking pre-emptively.

A set of three deep forebrain nuclei 
known as the lamina terminalis (LT) 
monitors the state of the blood and 
coordinates homeostatic responses to fluid 
imbalance (described in more detail below). 
Although the importance of the LT in the 
control of drinking has been appreciated 
for decades (for reviews, see REFS 10–12), 
our understanding of the underlying neural 
circuitry remains limited. For example, 
we still do not know the genetic identity 
of most of the cell types that reside in the 
LT; the dynamics of those cells during 
behaviour; or the anatomical pathways 
by which they transmit information to 
other brain regions. This knowledge gap 
reflects, in part, the complexity of the LT, 
which contains a diversity of intermingled 
neural cell types distributed across three 

that monitors homeostatic signals of fluid 
balance (plasma osmolality and ANGII) 
and translates these signals into appropriate 
counter-regulatory responses.

The LT is composed of three small, 
interconnected structures that lie adjacent 
(anterior and/or dorsal) to the third ventricle. 
Two of these structures — the subfornical 
organ (SFO) and the organum vasculosum 
of the LT (OVLT) — are sensory circumven-
tricular organs, meaning that they lie outside 
the blood–brain barrier and therefore have 
direct access to the circulation34. Information 
about fluid balance enters the LT primarily 
through specialized interoceptive neurons 
in the SFO and OVLT. Some of these 
interoceptive SFO and OVLT neurons are 
intrinsically osmosensitive, meaning that 
their firing rate increases in response to 
elevations in the tonicity of the extracellular 
fluid35–38, and many of these osmosensitive 
neurons are also activated by the hormone 
ANGII39–43 , which is rapidly generated in the 
circulation when plasma volume or pressure 
falls. In addition, some SFO or OVLT 
neurons may receive ascending neural signals 
from peripheral blood pressure sensors 
(baroreceptors)44,45. Thus, SFO and OVLT 
neurons are poised to integrate signals about 
plasma osmolality, volume and pressure and 
to use this information to control thirst. The 
third component of the LT is the median 
preoptic nucleus (MnPO), which cannot 
access the blood directly and is thought to 
be an integratory centre46. Together, these 
three structures form a forebrain hub for the 
regulation of fluid balance.

Signals detected in the SFO and OVLT 
are shared with each other and the MnPO 
through an extensive network of bidirectional 
projections47–51. Activation of this network 
triggers a coordinated set of homeostatic 
responses that restores fluid balance. 
These responses include: behavioural 
mechanisms that motivate water and 
sodium consumption (that is, thirst and 
salt appetite)28,52–54; autonomic mechanisms 
that modulate sympathetic outflow and 
thereby alter blood pressure and heart 
rate55,56; and neuroendocrine mechanisms 
that modulate water and sodium retention 
by the kidneys57,58. The neuroendocrine 
responses are mediated primarily by the 
hormones arginine vasopressin (AVP) and, in 

small nuclei. Although these features 
have traditionally made the thirst circuit 
challenging to dissect, the recent application 
of genetically targeted techniques in mice 
has led to renewed progress.

In this Progress article, we summarize our 
current understanding of the neural circuitry 
underlying thirst and drinking behaviour 
in mammals. First, we briefly overview the 
well-established roles of the LT and various 
circulating hormones in the regulation of fluid 
balance. Second, we describe recent insights 
from the application of genetically targeted 
methods — including optogenetics, in vivo 
recordings and viral tracing — that have 
been used to probe discrete elements of the 
thirst circuit and characterize their function, 
dynamics and connectivity in freely behaving 
animals13–21. Last, we highlight some of the 
key questions that remain unanswered.

The lamina terminalis
Our modern understanding of the neural 
control of thirst originated with the 
discovery by Bengt Andersson in the 1950s 
that infusion of hypertonic saline into the 
anterior hypothalamus of goats stimulates 
intense drinking and water retention 
(antidiuresis)22–24. James Fitzsimons later 
discovered that infusion of the hormone 
angiotensin II (ANGII) into the same area 
of rats also produces thirst25,26. Together, 
these and subsequent27–33 experiments 
identified a small forebrain region (the LT) 
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Abstract | Thirst motivates animals to find and consume water. More than 40 years 
ago, a set of interconnected brain structures known as the lamina terminalis was 
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rodents59,60 but not in humans61,62, oxytocin, 
both of which are secreted into the circulation 
by specialized posterior pituitary-projecting 
magnocellular neurosecretory cells in the 
paraventricular (PVH) and supraoptic (SON) 
nuclei of the hypothalamus that are under 

functional populations of neurons has been 
unclear. Experiments using optogenetics 
and chemogenetics have begun to define 
functional subsets of neurons in the LT 
on the basis of their genetic and anatomic 
features13–16,21 (FIG. 1; TABLE 1).

direct control of descending input from the 
LT (for reviews, see REFS 63,64).

Distinct neural cell types
The LT is neurochemically heterogeneous, 
but how this molecular diversity maps onto 

Figure 1 | Structure of the neural circuits underlying thirst and fluid 
homeostasis in mammals. a | The subfornical organ (SFO) is situated imme‑
diately dorsal to the third ventricle and contains intermingled populations of 
glutamatergic (SFOGLUT) and GABAergic (SFOGABA) neurons with opposing 
effects on drinking behaviour. Optogenetic activation of channelrhodopsin‑2 
(ChR2)-expressing SFOGLUT neurons (using 473 nm blue light for 30 min) stim‑
ulates intensive drinking in hydrated mice, whereas optogenetic silencing 
of archaerhodopsin (Arch)-expressing SFOGLUT neurons (using 532 nm green 
light for 15 min) suppresses drinking in dehydrated mice. By contrast, opto‑
genetic activation of SFOGABA neurons (using 473 nm blue light for 15 min) 
suppresses drinking in dehydrated mice. b | SFO neurons innervate several 
brain regions that are involved in the regulation of fluid balance. SFOGLUT 
projections to the median preoptic nucleus (MnPO) and organum vasculo‑
sum of the lamina terminalis (OVLT) drive thirst, whereas SFOGLUT projec‑
tions to the ventrolateral part of the bed nucleus of the stria terminalis 
(BNSTvl) promote sodium consumption. SFOGLUT projections to the paraven‑
tricular (PVH) and supraoptic (SON) nuclei of the hypothalamus have not 
yet been functionally annotated with cell-type specificity, but classic mod‑
els suggest that these projections mediate secretion of arginine vasopressin 
(AVP) and, in rodents, oxytocin (OXT) into the circulation by posterior pitu‑
itary (PP)-projecting magnocellular neurosecretory cells. Classic models 
also suggest that SFOGLUT projections to the PVH may modulate sympathetic 
nerve activity (SNA), and thereby alter blood pressure, heart rate and renal 
function by engaging brainstem-projecting parvocellular preautonomic 

neurons. However, projections from neurons in the MnPO and OVLT to the 
PVH and SON probably also contribute to these neuroendocrine and auto‑
nomic responses. Projections from SFOGABA neurons to the MnPO or OVLT, 
as well as locally within the SFO, have not yet been functionally annotated 
(marked ‘?’ in the figure). c | Sagittal illustration of the cell type-specific neu‑
ral circuits that underlie thirst and fluid homeostasis in the mouse brain. The 
lamina terminalis (LT) consists of two sensory circumventricular organs (the 
SFO and OVLT) and an integratory structure (the MnPO). Information 
about plasma osmolality, volume and pressure enters the LT through spe‑
cialized interoceptive neurons in the SFO and OVLT, some of which are 
intrinsically osmosensitive and angiotensin II-sensitive (for example, 
SFOGLUT neurons). The LT nuclei communicate with each other through an 
extensive network of bidirectional projections that has not yet been fully 
mapped with cell-type specificity. Outside the LT, SFOGLUT neurons project 
to the PVH, SON and BNSTvl; projections from the MnPO and OVLT have 
not yet been mapped with cell-type specificity, but projections from these 
regions to the PVH and SON are well established. AVP neurons in the 
suprachiasmatic nucleus (SCNAVP neurons) project to the OVLT and SON 
to mediate circadian regulation of thirst and AVP secretion, respectively. 
Information about plasma sodium enters the circuit through specialized 
aldosterone-sensitive neurons in the nucleus of the solitary tract that 
express 11β‑hydroxysteroid dehydrogenase type 2 (NTSHSD2 neurons), 
which promote salt appetite and project to the pre-locus coeruleus 
(pre‑LC), parabrachial nucleus (PBN) and BNSTvl.
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The SFO. The SFO contains at least two 
molecularly distinct populations of neurons 
with opposing effects on  drinking behaviour: 
a glutamatergic population (SFOGLUT 
neurons) that promotes drinking13–16 and 
modest sodium consumption15,  
and a GABAergic population (SFOGABA 
neurons) that suppresses drinking13. There 
is evidence that these glutamatergic and 
GABAergic SFO populations may be further 
subdivided into additional functional classes. 
For example, some SFOGABA neurons have 
been electrophysiologically characterized 
as sensitive to either cholecystokinin or 
lactate21. However, at present, molecular 
markers that distinguish these subsets have 
not been identified.

SFOGLUT neurons are activated in vivo 
by circulating signals that stimulate 
thirst, including increases in plasma 
osmolality and (via ANGII) decreases in 
plasma volume or pressure16. Optogenetic 
silencing of SFOGLUT neurons under these 
conditions suppresses drinking in thirsty 
mice16, indicating that SFOGLUT neuron 
activity is necessary for physiological 
drinking behaviour. Notably, this finding 
contrasts with the effects of electrolytic 

BNSTvl specifically increases sodium 
consumption21, suggesting that this pathway 
is involved in salt appetite. Optogenetic 
stimulation of SFOGLUT projections to the 
PVH does not promote thirst16, consistent 
with a primary role for the PVH in 
neuroendocrine64 and cardiovascular74, 
rather than behavioural, responses to  
fluid imbalance.

In contrast to their glutamatergic 
counterparts, SFOGABA neurons innervate 
only the MnPO and OVLT13,21, and the 
function of these projections has not yet 
been tested. Similarly, little is known about 
the microcircuits within the SFO that 
control drinking behaviour, although there 
is some evidence that SFOGLUT neurons 
receive inhibitory input from neighbouring 
SFOGABA neurons16,21.

The MnPO and OVLT. Relative to the SFO, 
cellular diversity in other regions of the LT 
has been less explored. One challenge is that 
the MnPO and OVLT are located in close 
proximity, making it difficult to selectively 
target neurons in only one of these structures 
by viral injection. Optogenetic stimulation 
of either glutamatergic or GABAergic 

ablation of the entire SFO, which does 
not consistently block drinking65–73. One 
possible explanation for this discrepancy is 
that lesioning destroys both SFOGLUT and 
SFOGABA neurons, which have opposing 
effects on thirst13. This combined ablation 
may therefore result in a milder behavioural 
impairment than does silencing of 
thirst-promoting SFOGLUT neurons alone.

SFO neurons innervate several 
brain regions that are involved in fluid 
homeostasis13,16,21, including the MnPO, 
OVLT, PVH, SON and the ventrolateral part 
of the bed nucleus of the stria terminalis 
(BNSTvl), and SFO neurons can be further 
subdivided on the basis of their projections 
to these structures. Optogenetic stimulation 
of SFOGLUT projections to the MnPO16 
and OVLT21 promotes thirst, whereas 
simultaneous optogenetic silencing of 
SFOGLUT and SFOGABA neurons that project 
to the OVLT suppresses drinking in thirsty 
mice21. This suggests that the MnPO and 
OVLT are the main targets through which 
SFOGLUT neurons drive thirst.

Other SFO projections seem to mediate 
different functions. Optogenetic stimulation 
of SFOGLUT neurons that project to the 

Table 1 | Cell type-specific manipulations of the thirst circuit

Pathway Genetic markers Manipulation Neural 
activity

Water 
intake

Food intake Sodium 
intake

SFOGLUT somas Camk2 (REFS 13,16), Etv1 (REF. 13) 
or Nos1 (REFS 14,16)

ChR2 ↑ ↑13,14,16 ↔13,14,16 ↑13

Camk2 (REF. 15) or Nos1 (REF. 14) Gq‑DREADDs ↑ ↑14,15 ↔14 ↑15

Nos1 (REF. 16) Arch ↓ ↓ ↑ N.R.

SFOGLUT → MnPO Camk2 (REF. 16) ChR2 ↑ ↑ N.R. N.R.

SFOGLUT → PVH Camk2 (REF. 16) ChR2 ↑ ↔ N.R. N.R.

SFOGLUT → OVLT Slc17a6 (REF. 21) ChR2 ↑ ↑ N.R. ↔

SFOGABA+GLUT → OVLT No marker21 Arch ↓ ↓ N.R. ↔

SFOGLUT → BNSTvl Slc17a6 (REF. 21) ChR2 ↑ ↔ N.R. ↑

No marker21 Arch ↓ ↔ N.R. ↓

SFOGABA somas Slc32a1 (REFS 13,21) ChR2 ↑ ↓13,21 ↔13 ↔13, ↓21

MnPOGLUT and OVLTGLUT somas Slc17a6 (REF. 17) ChR2 ↑ ↑ N.R. N.R.

MnPOGABA and OVLTGABA somas Slc32a1 (REF. 17) ChR2 ↑ ↓ ↔ N.R.

SCNAVP → OVLT Avp18 ChR2 ↑ ↑ N.R. N.R.

Arch ↓ ↓ N.R. N.R.

NTSHSD2 somas Hsd11b2 (REF. 20) Gq‑DREADDs ↑ ↔ ↓ ↑

Gi‑DREADDs ↓ ↔ N.R. ↓

TetTox ↓ Fatal (>20% body weight lost by day 10)

Arch, archaerhodopsin; AVP, arginine vasopressin; BNSTvl, ventrolateral part of the bed nucleus of the stria terminalis; Camk2, gene encoding calcium/calmodulin-
dependent protein kinase type 2; ChR2, channelrhodopsin 2; DREADDs, designer receptors exclusively activated by designer drugs; Etv1, gene encoding ETS 
translocation variant 1; GABA, GABAergic; GLUT, glutamatergic; HSD2, 11β‑hydroxysteroid dehydrogenase type 2 (encoded by Hsd11b2); MnPO, median preoptic 
nucleus; Nos1, gene encoding neuronal nitric oxide synthase, brain; N.R., not reported; NTS, nucleus of the solitary tract; OVLT, organum vasculosum of the lamina 
terminalis; PVH, paraventricular nucleus of the hypothalamus; SCN, suprachiasmatic nucleus; SFO, subfornical organ; Slc17a6, gene encoding solute carrier 
family 17 member 6 (vesicular glutamate transporter 2); TetTox, tetanus toxin system; ↑, increase; ↓, decrease; ↔, no change.
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neurons spanning both the MnPO and 
OVLT promotes or suppresses drinking, 
respectively17. However, the broad extent 
of viral transduction in these experiments 
complicates their interpretation17, and 
further progress will require identification of 
molecular markers for subsets of MnPO and 
OVLT neurons with specific functions.

The MnPO and OVLT share an 
overlapping set of projection targets with the 
SFO, including the PVH, SON and BNSTvl, 
as well as reciprocal connections within 
the LT39,41,43. These projections have yet to 
be functionally annotated or mapped with 
cell-type specificity. Given the high degree 
of interconnectedness among structures 
in the LT16, it will be crucial to dissect the 
degree of collateralization, redundancy and 
necessity of efferents from each region with 
cell-type specificity to fully understand how 
information flows through the thirst circuit.

Anticipatory signals
Neurons in the LT have a well-established 
role in monitoring the state of the blood, 
but whether these cells receive other types 

neurons to closely track the amount of water 
ingested. This suggests that SFOGLUT neurons 
control drinking in real-time by making 
a comparison between two parameters: 
the level of physiological need, which they 
measure by monitoring the blood, and the 
amount of water recently ingested, which 
they measure by tracking signals from 
the oropharynx. This model explains how 
drinking can rapidly quench thirst75–80, 
yet also be properly metred to match the 
physiological deficit of the animal. Notably, 
early functional MRI and positron emission 
tomography studies of thirsty humans81–86 
did not detect changes in neural activity in 
the LT during drinking and consequently 
attributed thirst satiation to higher cortical 
centres. This discrepancy may reflect the 
difficulty of monitoring activity changes 
in small, heterogeneous structures such as 
the LT (which is smaller than 10 mm3 in 
humans83) using functional imaging.

How water ingestion is detected in the 
oral cavity and then communicated to 
SFOGLUT neurons is not well understood. 
One mechanism for water detection seems 
to involve temperature sensing in the oral 
cavity, as ingestion of cold water inhibits 
SFOGLUT neurons more efficiently than 
does ingestion of warm water and, indeed, 
isolated oral cooling (using cold, dry metal) 
can transiently inhibit the activity of SFOGLUT 
neurons16. This finding suggests a neural 
basis for the everyday phenomenon that 
cold liquids are experienced as more thirst 
quenching87–93 and raises the possibility  
that sensory fibres innervating the 
mouth that express the cold-activated 
transient receptor potential cation channel 
subfamily M member 8 (TRPM8)94–96 may 
participate in water detection. Studies in 
several species have suggested that sensory 
fibres innervating the stomach, duodenum 
and hepatic blood vessels also participate in 
the rapid control of drinking behaviour97–100. 
Consistent with these observations, 
SFOGLUT neurons receive a second, delayed 
presystemic signal during ingestion that may 
arise from the early gastrointestinal tract and 
encodes the osmolality of ingested fluids16. 
The neural pathway by which peripheral 
sensory fibres communicate these distinct 
anticipatory signals to the LT remains 
unclear, but sensory relay nuclei in the 
hindbrain probably participate101–103.

Anticipatory control of AVP secretion. The 
PVH and SON are important downstream 
targets of the LT that control secretion of 
AVP into the circulation and thus modulate 
water retention by the kidneys.  

of signals that control drinking has not 
been explored. The recent development of 
methods for optical recording of deep brain 
calcium dynamics has made it possible to 
measure for the first time how these neurons 
are regulated during behaviour16,19 (FIG. 2).

Anticipatory control of thirst satiation. 
The SFO was the first structure in the thirst 
circuit to be examined using genetically 
targeted methods for in vivo neural 
recording in freely behaving animals16. 
Optical recording of calcium dynamics 
in SFOGLUT neurons confirmed that these 
cells monitor changes in plasma osmolality, 
volume and pressure, consistent with 
classic models10–12. Unexpectedly, these 
recordings also revealed that SFOGLUT 
neurons are rapidly inhibited when thirsty 
mice begin to drink, before any changes 
in the composition of the blood, such that 
they effectively ‘predict’ the impending 
restoration of homeostasis16. This rapid 
feedback is triggered by the detection of 
water in the oral cavity and is time-locked 
to the act of licking, enabling SFOGLUT 

Figure 2 | Anticipatory and homeostatic regulation of the thirst circuit. a | Challenges to fluid 
homeostasis, such as water deprivation, cause deviations in the composition of the blood. These 
deviations can include increases in plasma osmolality (Posmolality) and plasma sodium (PNa), as well as 
decreases in plasma volume (Pvolume) and pressure (Ppressure) that stimulate renin secretion by the kidneys 
and, consequently, angiotensin II (ANGII) production (PANGII) in the blood181. These homeostatic circu‑
lating signals are translated by the brain into counter-regulatory responses, including thirst, anorexia, 
arginine vasopressin (AVP) and oxytocin (OXT) secretion (leading to increases in PAVP and POXT, respec‑
tively), and sympathetic nerve activation (SNA). Although thirst-motivated drinking behaviour is 
ultimately necessary to restore fluid homeostasis, this coordinated set of responses also promotes 
water retention (antidiuresis) and sodium excretion (natriuresis) by the kidneys; suppresses ingestion 
of food (and therefore of sodium and other osmolytes); and modulates blood pressure and heart rate 
to maintain fluid homeostasis until water can be ingested. b | When thirsty animals are allowed to 
drink (red area), thirst and AVP secretion are rapidly inhibited before the composition of the blood is 
corrected by ingested water. Historical experiments75,76,79,97–100,104,107,182,183 using oesophageal or gastric 
fistulae and sham drinking suggest that this anticipatory regulation involves both immediate oro‑
pharyngeal and delayed visceral signals; however, the neural mechanisms underlying rapid anticipa‑
tory regulation of thirst and AVP secretion remained unexplored until recently. c | Fibre photometry 
recordings revealed that glutamatergic neurons in the subfornical organ (SFOGLUT neurons) are rapidly 
inhibited during drinking to coordinate the anticipatory control of thirst and AVP secretion16. In this 
example recording, a mouse deprived of water for 48 hours is given access to water. The inset high‑
lights that rapid inhibition of SFOGLUT neurons is time-locked to individual drinking bouts (red areas). 
d | Fibre photometry recordings demonstrated that AVP neurons in the supraoptic nucleus (SONAVP 
neurons) are also rapidly inhibited during drinking19. In this example recording, a mouse deprived of 
water for 24 hours is given access to water. The inset highlights that SONAVP neurons are transiently 
inhibited by water-predicting cues before drinking is initiated and that this inhibition is rapidly reset 
in the seconds immediately preceding water ingestion. The neural mechanism and physiological 
importance of this transient pre-ingestive inhibition remain unclear. e | In addition to homeostatic 
circulating signals (such as Posmolality, PNa and PANGII) that were canonically thought to activate the lamina 
terminalis (LT) (see part a), recent experiments have revealed that a diverse set of anticipatory oro‑
pharyngeal, visceral and circadian signals also influences SFOGLUT neurons and the LT on different 
timescales. This convergence of homeostatic and anticipatory signals allows SFOGLUT neurons and the 
LT to control a diverse set of behavioural, neuroendocrine and autonomic outputs both in response 
to, and in anticipation of, deviations from fluid homeostasis. Many of the neural pathways carrying this 
information to and from the LT have not yet been identified (marked ‘?’ in the figure). BNSTvl, ventro‑
lateral part of the bed nucleus of the stria terminalis; OVLT, organum vasculosum of the LT; PVH, par‑
aventricular hypothalamus; SCN, suprachiasmatic nucleus. Part c is adapted from REF. 16, Macmillan 
Publishers Limited. Part d is adapted from REF. 19, Elsevier.

◀
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Classic studies showed that AVP 
concentration in the blood rapidly falls 
during drinking104–107, but little has been 
reported about the in vivo dynamics of the 
AVP neurons themselves105,108. Recently, 
recordings of calcium dynamics and elec-
trophysiological activity in thirsty mice 
demonstrated that AVP neurons in the 
PVH and SON are rapidly inhibited during 
drinking before any change in the blood 
can occur19. Presystemic inhibition of AVP 
neurons seems to occur in two parts: a first 
phase, in which these neurons are transiently 
inhibited by water-predicting cues alone, and 
a second phase, in which they are durably 
inhibited by drinking. This second phase 
is probably mediated through inhibition 
of upstream SFOGLUT neurons16. The rapid 
inhibition of AVP neurons explains why 
circulating levels of AVP begin to decline at 
the outset of drinking, in anticipation of the 
restoration of homeostasis.

Interactions with feeding
Many animals, including humans109,110 and 
rodents111–113, tightly coordinate eating  
and drinking to ensure that adequate water 
is available for food ingestion112–115 and 
digestion116 and also to counteract increases 
in plasma osmolality due to the absorption 
of osmolytes in food117. This stimulation of  
drinking by eating is known as prandial 
thirst. Conversely, dehydration potently 
suppresses food intake when water is 
unavailable111,118–120, known as dehydration 
anorexia. Recent experiments have begun 
to reveal how these interactions between 
eating and drinking are controlled by the 
brain16,19 (FIG. 3).

Prandial thirst. Eating stimulates thirst 
within seconds, even though ingested food 
does not begin to alter the composition of 
the blood for several minutes. This raises the 
question of how the brain generates thirst 
at the outset of a meal. Optical recordings 
of SFOGLUT neuron activity in hungry mice 
revealed that these cells are progressively 
activated by eating in a manner that tracks 
the amount of food consumed and precedes 
any change in plasma osmolality16. This 
observation suggests that activation of 
SFOGLUT neurons during feeding is driven 
by a signal originating from the oral cavity 
or from the early gastrointestinal tract that 
anticipates impending changes in the blood. 
Importantly, blocking this rapid activation 
by optogenetic silencing of SFOGLUT neurons 
is sufficient to abolish meal-associated 
drinking. Thus, SFOGLUT neurons are 
activated by a presystemic signal generated 

during late sleep137. Complementary 
control of the thirst circuit by the SCN may 
therefore prevent night-time dehydration 
by stimulating water intake before sleep 
and, later, by promoting water retention 
during sleep.

Salt appetite
Sodium is a major determinant of plasma 
osmolality, and animals therefore must 
consume both water and sodium to maintain 
fluid homeostasis. The motivational drive to 
consume sodium, known as salt appetite (for 
a review, see REF. 138), is innate and therefore 
probably controlled by genetically hard-wired 
neural circuits, but the organization of 
these circuits has been unclear. Recently, 
a framework has emerged in which two 
circulating hormones, ANGII52,139 and 
aldosterone140–142, act synergistically54,143 to 
control salt appetite.

Aldosterone acts both at the kidneys to 
promote sodium conservation144,145 and in 
the brain to stimulate salt appetite54,142,143. 
Aldosterone can activate the mineralo-
corticoid receptor (MR) only in cells that 
express the enzyme 11β‑hydroxysteroid 
dehydrogenase type 2 (HSD2)146, and 
co‑expression of MR and HSD2 in the brain 
is restricted to a small population of  
glutamatergic147 neurons in the nucleus 
of the solitary tract (NTSHSD2 neurons)148. 
This unique population of aldosterone-
sensitive neurons is specifically activated 
during sodium deprivation149, and recent 
chemogenetic manipulations demonstrated 
that activation of NTSHSD2 neurons is both 
necessary and sufficient to drive sodium 
consumption20. Projections from NTSHSD2 
neurons are restricted to three brain regions 
that have been previously implicated in 
the control of salt appetite20,150,151; NTSHSD2 
neurons innervate Foxp2‑expressing neurons 
in the pre-locus coeruleus and lateral 
parabrachial nucleus, and an unidentified 
population of neurons in the BNSTvl.

ANGII stimulates aldosterone secretion 
during sodium deficiency152–154 and also 
acts in the brain to directly stimulate 
salt appetite52,54,139,143, presumably by 
activating ANGII-sensitive LT neurons. 
Whereas electrolytic ablation of the 
entire SFO has variable effects on sodium 
consumption71,73,155–157, activation of SFOGLUT 
neurons by ANGII was recently shown to be 
necessary for salt appetite21. Furthermore, 
these neurons were found to drive sodium 
consumption via their projection to the 
BNSTvl. Indeed, electrolytic ablation of the 
amygdala and BNST potently suppresses 
salt appetite158–160. Thus, together, recent 

during eating, and this seems to be a 
primary cause of prandial thirst. The nature 
of the signal that communicates information 
about food ingestion to SFOGLUT neurons is 
not known and may involve both neural112–115 
and endocrine121–132 components.

In addition to generating thirst, eating 
also triggers AVP secretion to promote renal 
water retention. Optical recordings of SONAVP 
neurons in hungry mice revealed that these 
cells are also rapidly activated by eating19, 
with kinetics very similar to those observed 
in upstream SFOGLUT neurons16. This suggests 
that the presystemic signal communicated to 
the LT during eating controls both prandial 
thirst and AVP secretion.

Dehydration anorexia. The discovery that 
SFOGLUT neurons are persistently activated 
by eating when water is unavailable16 
suggests that activation of these cells 
may also underlie dehydration anorexia. 
Indeed, optogenetic silencing of SFOGLUT 
neurons during feeding eliminates the 
drive for prandial drinking and restores 
food intake to normal levels when water is 
unavailable16, confirming that activation 
of SFOGLUT neurons is necessary for the 
dehydration-induced suppression of food 
intake. The neural pathway through which 
SFOGLUT neurons modulate the feeding 
circuit is not known, but one possible 
downstream target is the PVH, which is a 
convergence point for signals that regulate 
energy and fluid balance.

Circadian regulation
Most drinking occurs during subjective 
daytime when animals are most active133. 
Whereas some of the circadian regulation of 
thirst is probably secondary to the circadian 
regulation of other behaviours, such as 
eating, activity and wakefulness134,135, 
certain aspects of drinking behaviour seem 
to be controlled directly by the brain’s 
‘central clock’, the suprachiasmatic nucleus 
(SCN)136. It was recently reported that 
SCNAVP neurons that project to the OVLT 
are more active in the hours immediately 
preceding sleep and that this increase 
in synaptic AVP release can stimulate 
thirst by activating downstream OVLT 
neurons18. This brief increase in presomnial 
drinking prevents small (1–2%) increases 
and decreases in plasma osmolality and 
volume, respectively, that would otherwise 
occur during sleep18. Some SCNAVP neurons 
also project directly to the SON, and this 
projection has been proposed to facilitate an 
increase in OVLT-stimulated secretion of 
AVP into the circulation by SONAVP neurons 
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Figure 3 | The thirst circuit monitors and controls feeding behaviour. 
a | Eating potently stimulates prandial thirst, and the majority of daily 
water intake therefore occurs in close temporal proximity to eating. 
Schematic is based on data in REF. 113. b | Glutamatergic neurons in the 
subfornical organ (SFOGLUT neurons) and arginine vasopressin (AVP) neu‑
rons in the supraoptic nucleus (SONAVP neurons) are rapidly activated on 
both short (seconds) and long (minutes) timescales during feeding to 
promote prandial thirst and AVP secretion. Schematics are based on 
data in REFS 16,19. c | Dehydration potently suppresses feeding, and 
increases in plasma osmolality therefore inhibit total daily food intake. 
Schematic is based on data in REF. 184. d | Dehydration anorexia causes 
hungry mice (here, following 24 hours of food deprivation) to consume 
less food when water is absent (red line) than when water is available 
(blue line). However, this suppression of food intake is completely allevi‑
ated by optogenetic silencing of SFOGLUT neurons during feeding (green 

line), indicating that activation of SFOGLUT neurons promotes dehydration 
anorexia in addition to prandial thirst. Schematic is based on data in 
REF. 16. e | Metabolic hormones secreted during feeding by the gastroin‑
testinal tract121–124, pancreas125–129 and adipose tissue130–132 have been pro‑
posed to regulate the electrical activity of SFO neurons ex vivo. However, 
it remains unclear whether such endocrine signals contribute to the 
natural coordination of eating and drinking by SFOGLUT neurons in vivo. 
f | Eating rapidly activates SFOGLUT neurons to promote prandial thirst and 
AVP secretion, as well as dehydration anorexia. The mechanism of this 
presystemic activation remains unclear but may involve learned or sen‑
sory neural signals or endocrine signals (dashed lines). If water is unavail‑
able during eating, then ingested food will eventually alter the 
composition of the blood, and circulating signals will additionally activate 
SFOGLUT neurons. Posmolality, plasma osmolality; PANGII, plasma angiotensin II; 
PNa, plasma sodium.
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experiments20,21 have identified the BNSTvl 
as a convergence point for the synergistic 
control of salt appetite by discrete 
ANGII-sensitive forebrain and  
aldosterone-sensitive hindbrain circuits.

Open questions
Despite recent progress, many fundamental 
questions about the thirst circuit remain 
unresolved. Here, we highlight some of the 
key unanswered questions.

How is water in the oral cavity detected and 
signalled? The finding that the LT is potently 
modulated by signals from the oral cavity 
during eating and drinking16 re‑emphasizes 
the importance of understanding how 
food and water are detected in the mouth. 
However, at present, little is known about the 
specific molecules and cell types that detect 
oral signals that are relevant to fluid balance. 
In Drosophila melanogaster, water detection 
is mediated by a discrete population of 
gustatory neurons expressing the water taste 
receptor Pickpocket protein 28 (Ppk28)161, 
but it is unclear whether water constitutes 
a distinct taste modality in mammals162. 
It is likewise unclear how the peripheral 
sensations that influence drinking behaviour, 
including osmolality, temperature, dryness 
and pressure, are detected in the oropharynx 
and early gastrointestinal tract and 
communicated to the LT.

What are the molecular identities of the 
osmosensor and baroreceptor? Plasma 
osmolality and pressure are thought to be 
detected by mechanosensitive ion channels 
expressed within osmosensitive and pres-
sure-sensitive neurons, but the identity 
of these channels has remained elusive. A 
number of candidates have been advanced163–

171, but whether any of these proteins serve 
as direct sensors remains controversial. For 
example, although early studies suggested 
a role for the cation channels TRPV1 
(REFS 163,164) and TRPV4 (REFS 165–167) 
in osmosensation, later work found that 
rodents lacking the genes encoding these 
channels display normal regulation of 
drinking and fluid balance172–175, implying 
that other molecules are involved. Similarly, 
although acid-sensing ion channel 2 (ASIC2) 
seems to play a part in blood pressure 
sensing by peripheral nerves that innervate 
the aortic arch and carotid sinus170,171, it may 
not be the mechanosensitive ‘baroreceptor’ 
that directly detects changes in pressure176,177. 
The ability to access molecularly defined 
populations of interoceptive neurons will 
provide new insights into these questions.

How does thirst engage learning, 
motivation and motor systems? Thirst 
is one of the most potent motivational 
drives in mammals, yet it remains almost 
completely unknown how thirst neurons 
in the LT connect to brain regions that 
are important for reinforcement and 
learning178; how this input generates 
a motivational drive that is specific for 
water consumption relative to competing 
homeostatic needs; and how conflicts 
between various homeostatic drives are 
resolved in the brain. It is similarly unclear 
how changes in LT neuron activity are 
communicated to motor pattern generators 
in the brainstem that control licking and 
swallowing179,180, which are ultimately 
the sites in the brain where drinking 
behaviour is controlled. Maps of functional 
connectivity between the LT and various 
cortical and subcortical brain regions 
during thirst in humans81–86 may guide 
efforts to dissect the anatomical pathways 
connecting the LT to learning, motivation 
and motor systems in rodents.

Implications and conclusions
Genetic tools for circuit analysis have 
reinvigorated the study of thirst13–21, enabling 
new insight into the cells, pathways and 
dynamics that underlie drinking behaviour. 
Much still remains to be discovered; however, 
one sign of recent progress is the emergence 
of neural circuit mechanisms that can 
potentially explain elements of everyday 
human experience, including prandial and 
circadian thirst; dehydration anorexia; rapid 
thirst satiation; and the effects of oral cooling. 
Although none of these phenomena is yet 
understood in detail, we now have a foothold 
at the level of neural circuits that can serve 
as an entry point for further investigation. 
We expect rapid further progress towards 
understanding these and other aspects of 
drinking behaviour over the next few years.

Note added in proof
A recent paper reports that acid-sensing taste 
receptor cells expressing the cation channel 
PKD2L1 (polycystic kidney disease 2-like 
1 protein), the putative sour-taste sensor, also 
contribute to water detection in the mouth185. 
These cells may contribute to part of the 
presystemic signal that rapidly regulates 
drinking behaviour and thirst satiation.

Christopher A. Zimmerman, David E. Leib and 
Zachary A. Knight are at the Department of 

Physiology, the Kavli Institute for Fundamental 
Neuroscience and the Neuroscience Graduate 

Program, University of California San Francisco, 
San Francisco, California 94158, USA.

Correspondence to Z.A.K.  
zachary.knight@ucsf.edu

doi:10.1038/nrn.2017.71 
Published online 22 Jun 2017 

1.	 Cannon, W. B. The physiological basis of thirst. Proc. 
R. Soc. B Biol. Sci. 90, 283–301 (1918).

2.	 Montgomery, M. F. The role of the salivary glands in the 
thirst mechanism. Am. J. Physiol. 96, 221–227 
(1931).

3.	 Leschke, E. Ueber die durstempfindung [German]. 
Arch. Psychiatrie Nervenkrankheiten 59, 773–781 
(1918).

4.	 Gilman, A. The relation between blood osmotic 
pressure, fluid distribution and voluntary water intake. 
Am. J. Physiol. 120, 323–328 (1937).

5.	 Wolf, A. V. Osmometric analysis of thirst in man and 
dog. Am. J. Physiol. 161, 75–86 (1950).

6.	 Fitzsimons, J. T. The effects of slow infusions of 
hypertonic solutions on drinking and drinking 
thresholds in rats. J. Physiol. 167, 344–354 
(1963).

7.	 Fitzsimons, J. T. Drinking by rats depleted of body fluid 
without increase in osmotic pressure. J. Physiol. 159, 
297–309 (1961).

8.	 Stricker, E. M. Extracellular fluid volume and thirst. 
Am. J. Physiol. 211, 232–238 (1966).

9.	 Lehr, D., Mallow, J. & Krukowski, M. Copious 
drinking and simultaneous inhibition of urine flow 
elicited by β‑adrenergic stimulation and contrary 
effect of α‑adrenergic stimulation. J. Pharmacol. 
Exp. Ther. 158, 150–163 (1967).

10.	 Fitzsimons, J. T. Angiotensin, thirst, and sodium 
appetite. Physiol. Rev. 78, 583–686 (1998).

11.	 Bourque, C. W. Central mechanisms of osmosensation 
and systemic osmoregulation. Nat. Rev. Neurosci. 9, 
519–531 (2008).

12.	 Leib, D. E., Zimmerman, C. A. & Knight, Z. A. Thirst. 
Curr. Biol. 26, R1260–R1265 (2016).

13.	 Oka, Y., Ye, M. & Zuker, C. S. Thirst driving and 
suppressing signals encoded by distinct neural 
populations in the brain. Nature 520, 349–352 
(2015).

14.	 Betley, J. N. et al. Neurons for hunger and thirst 
transmit a negative-valence teaching signal. Nature 
521, 180–185 (2015).

15.	 Nation, H. L., Nicoleau, M., Kinsman, B. J., 
Browning, K. N. & Stocker, S. D. DREADD-induced 
activation of subfornical organ neurons stimulates 
thirst and salt appetite. J. Neurophysiol. 115, 
3123–3129 (2016).

16.	 Zimmerman, C. A. et al. Thirst neurons anticipate the 
homeostatic consequences of eating and drinking. 
Nature 537, 680–684 (2016).

17.	 Abbott, S. B. G., Machado, N. L. S., Geerling, J. C. & 
Saper, C. B. Reciprocal control of drinking behavior 
by median preoptic neurons in mice. J. Neurosci. 36, 
8228–8237 (2016).

18.	 Gizowski, C., Zaelzer, C. & Bourque, C. W. Clock-
driven vasopressin neurotransmission mediates 
anticipatory thirst prior to sleep. Nature 537, 
685–688 (2016).

19.	 Mandelblat-Cerf, Y. et al. Bidirectional anticipation of 
future osmotic challenges by vasopressin neurons. 
Neuron 93, 57–65 (2017).

20.	 Jarvie, B. C. & Palmiter, R. D. HSD2 neurons in the 
hindbrain drive sodium appetite. Nat. Neurosci. 20, 
167–169 (2017).

21.	 Matsuda, T. et al. Distinct neural mechanisms for the 
control of thirst and salt appetite in the subfornical 
organ. Nat. Neurosci. 20, 230–241 (2017).

22.	 Andersson, B. Polydipsia caused by 
intrahypothalamic injections of hypertonic NaCl-
solutions. Experientia 8, 157–158 (1952).

23.	 Andersson, B. The effect of injections of hypertonic 
NaCl-solutions into different parts of the 
hypothalamus of goats. Acta Physiol. Scand. 28, 
188–201 (1953).

24.	 Andersson, B. & McCann, S. M. A further study of 
polydipsia evoked by hypothalamic stimulation of 
the goat. Acta Physiol. Scand. 33, 333–346 
(1955).

25.	 Epstein, A. N., Fitzsimons, J. T. & Rolls, B. J. Drinking 
induced by injection of angiotensin into the brain of 
the rat. J. Physiol. 210, 457–474 (1970).

26.	 Fitzsimons, J. T. The effect on drinking of peptide 
precursors and of shorter chain peptide fragments of 
angiotensin II injected into the rat’s diencephalon. 
J. Physiol. 214, 295–303 (1971).

P R O G R E S S

466 | AUGUST 2017 | VOLUME 18	 www.nature.com/nrn

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

mailto:zachary.knight@ucsf.edu
http://dx.doi.org/10.1038/nrn.2017.71


27.	 Andersson, B. & McCann, S. M. The effect of 
hypothalamic lesions on the water intake of the dog. 
Acta Physiol. Scand. 35, 312–320 (1955).

28.	 Simpson, J. B. & Routtenberg, A. Subfornical organ: 
site of drinking elicitation by angiotensin II. Science 
181, 1172–1175 (1973).

29.	 Andersson, B., Leksell, L. G. & Lishajko, F. 
Perturbations in fluid balance induced by medially 
placed forebrain lesions. Brain Res. 99, 261–275 
(1975).

30.	 Buggy, J. & Jonhson, A. K. Preoptic-hypothalamic 
periventricular lesions: thirst deficits and 
hypernatremia. Am. J. Physiol. Regul. Integr. Comp. 
Physiol. 233, R44–R52 (1977).

31.	 McKinley, M. J., Denton, D. A. & Weisinger, R. S. 
Sensors for antidiuresis and thirst: osmoreceptors or 
CSF sodium detectors? Brain Res. 141, 89–103 
(1978).

32.	 McKinley, M. J. et al. Osmoregulatory thirst in 
sheep is disrupted by ablation of the anterior wall 
of the optic recess. Brain Res. 236, 210–215 
(1982).

33.	 Thrasher, T. N., Keil, L. C. & Ramsay, D. J. Lesions of 
the organum vasculosum of the lamina terminalis 
(OVLT) attenuate osmotically-induced drinking and 
vasopressin secretion in the dog. Endocrinology 110, 
1837–1839 (1982).

34.	 McKinley, M. J. et al. The sensory circumventricular 
organs of the mammalian brain. Adv. Anat. Embryol. 
Cell Biol. 172, 1–127 (2003).

35.	 Sayer, R. J., Hubbard, J. I. & Sirett, N. E. Rat organum 
vasculosum laminae terminalis in vitro: responses to 
transmitters. Am. J. Physiol. Regul. Integr. Comp. 
Physiol. 247, R374–R379 (1984).

36.	 Sibbald, J. R., Hubbard, J. I. & Sirett, N. E. 
Responses from osmosensitive neurons of the rat 
subfornical organ in vitro. Brain Res. 461, 205–214 
(1988).

37.	 Vivas, L., Chiaraviglio, E. & Carrer, H. F. Rat organum 
vasculosum laminae terminalis in vitro: responses to 
changes in sodium concentration. Brain Res. 519, 
294–300 (1990).

38.	 Anderson, J. W., Washburn, D. L. S. & Ferguson, A. V. 
Intrinsic osmosensitivity of subfornical organ neurons. 
Neuroscience 100, 539–547 (2000).

39.	 Felix, D. & Akert, K. The effect of angiotensin II on 
neurones of the cat subfornical organ. Brain Res. 76, 
350–353 (1974).

40.	 Knowles, W. D. & Phillips, M. I. Angiotensin II 
responsive cells in the organum vasculosum lamina 
terminalis (OVLT) recorded in hypothalamic brain 
slices. Brain Res. 197, 256–259 (1980).

41.	 Gutman, M. B., Ciriello, J. & Mogenson, G. J. Effects of 
plasma angiotensin II and hypernatremia on 
subfornical organ neurons. Am. J. Physiol. Regul. 
Integr. Comp. Physiol. 254, R746–R754 (1988).

42.	 McKinley, M. J., Badoer, E. & Oldfield, B. J. 
Intravenous angiotensin II induces Fos-
immunoreactivity in circumventricular organs of the 
lamina terminalis. Brain Res. 594, 295–300 
(1992).

43.	 Gebke, E., Müller, A. R., Jurzak, M. & Gerstberger, R. 
Angiotensin II‑induced calcium signalling in neurons 
and astrocytes of rat circumventricular organs. Neuros 
cience 85, 509–520 (1998).

44.	 Babic, T., Roder, S. & Ciriello, J. Direct projections 
from caudal ventrolateral medullary depressor sites to 
the subfornical organ. Brain Res. 1003, 113–121 
(2004).

45.	 Ciriello, J. Caudal ventrolateral medulla mediates 
baroreceptor afferent inputs to subfornical organ 
angiotensin II responsive neurons. Brain Res. 1491, 
127–135 (2013).

46.	 McKinley, M. J. et al. The median preoptic nucleus: 
front and centre for the regulation of body fluid, 
sodium, temperature, sleep and cardiovascular 
homeostasis. Acta Physiol. 214, 8–32 (2015).

47.	 Swanson, L. W. An autoradiographic study of the 
efferent connections of the preoptic region in the rat. 
J. Comp. Neurol. 167, 227–256 (1976).

48.	 Miselis, R. R., Shapiro, R. E. & Hand, P. J. Subfornical 
organ efferents to neural systems for control of body 
water. Science 205, 1022–1025 (1979).

49.	 Camacho, A. & Phillips, M. I. Horseradish peroxidase 
study in rat of the neural connections of the organum 
vasculosum of the lamina terminalis. Neurosci. Lett. 
25, 201–204 (1981).

50.	 Lind, R. W., van Hoesen, G. W. & Johnson, A. K. An 
HRP study of the connections of the subfornical 
organ of the rat. J. Comp. Neurol. 210, 265–277 
(1982).

51.	 Saper, C. B. & Levisohn, D. Afferent connections of the 
median preoptic nucleus in the rat: anatomical 
evidence for a cardiovascular integrative mechanism in 
the anteroventral third ventricular (AV3V) region. 
Brain Res. 288, 21–31 (1983).

52.	 Buggy, J. & Fisher, A. E. Evidence for a dual central 
role for angiotensin in water and sodium intake. 
Nature 250, 733–735 (1974).

53.	 Robertson, A., Kucharczyk, J. & Mogenson, G. J. 
Drinking behavior following electrical stimulation of 
the subfornical organ in the rat. Brain Res. 274, 
197–200 (1983).

54.	 Fluharty, S. J. & Epstein, A. N. Sodium appetite 
elicited by intracerebroventricular infusion of 
angiotensin II in the rat: II. Synergistic interaction with 
systemic mineralocorticoids. Behav. Neurosci. 97, 
746–758 (1983).

55.	 Mangiapane, M. L. & Simpson, J. B. Subfornical 
organ: forebrain site of pressor and dipsogenic action 
of angiotensin II. Am. J. Physiol. Regul. Integr. Comp. 
Physiol. 239, R382–R389 (1980).

56.	 Ishibashi, S. & Nicolaïdis, S. Hypertension induced by 
electrical stimulation of the subfornical organ (SFO). 
Brain Res. Bull. 6, 135–139 (1981).

57.	 Ferguson, A. V. & Kasting, N. W. Electrical stimulation 
in subfornical organ increases plasma vasopressin 
concentrations in the conscious rat. Am. J. Physiol. 
Regul. Integr. Comp. Physiol. 251, R425–R428 
(1986).

58.	 Ferguson, A. V. & Kasting, N. W. Activation of 
subfornical organ efferents stimulates oxytocin 
secretion in the rat. Regul. Pept. 18, 93–100 
(1987).

59.	 Verbalis, J. G., Mangione, M. P. & Stricker, E. M. 
Oxytocin produces natriuresis in rats at physiological 
plasma concentrations. Endocrinology 128,  
1317–1322 (1991).

60.	 Huang, W., Lee, S. L. & Sjöquist, M. Natriuretic role of 
endogenous oxytocin in male rats infused with 
hypertonic NaCl. Am. J. Physiol. Regul. Integr. Comp. 
Physiol. 268, R634–R640 (1995).

61.	 Rasmussen, M. S., Simonsen, J. A., 
Sandgaard, N. C. F., Høilund-Carlsen, P. F. & Bie, P. 
Mechanisms of acute natriuresis in normal humans 
on low sodium diet. J. Physiol. 546, 591–603 
(2003).

62.	 Rasmussen, M. S., Simonsen, J. A., 
Sandgaard, N. C. F., Høilund-Carlsen, P. F. & Bie, P. 
Effects of oxytocin in normal man during low and high 
sodium diets. Acta Physiol. Scand. 181, 247–257 
(2004).

63.	 Verney, E. B. The antidiuretic hormone and the factors 
which determine its release. Proc. R. Soc. B Biol. Sci. 
135, 25–106 (1947).

64.	 Antunes-Rodrigues, J., de Castro, M., Elias, L. L. K., 
Valença, M. M. & McCann, S. M. Neuroendocrine 
control of body fluid metabolism. Physiol. Rev. 84, 
169–208 (2004).

65.	 Abdelaal, A. E., Assaf, S. Y., Kucharczyk, J. & 
Mogenson, G. J. Effect of ablation of the subfornical 
organ on water intake elicited by systemically 
administered angiotensin‑II. Can. J. Physiol. 
Pharmacol. 52, 1217–1220 (1974).

66.	 Simpson, J. B. & Routtenberg, A. Subfornical organ 
lesions reduce intravenous angiotensin-induced 
drinking. Brain Res. 88, 154–161 (1975).

67.	 Buggy, J. & Fisher, A. E. Anteroventral third 
ventricle site of action for angiotensin induced 
thirst. Pharmacol. Biochem. Behav. 4, 651–660 
(1976).

68.	 Simpson, J. B., Epstein, A. N. & Camardo, J. S. 
Localization of receptors for the dipsogenic action of 
angiotensin II in the subfornical organ of rat. J. Comp. 
Physiol. Psychol. 92, 581–601 (1978).

69.	 Lind, R. W., Thunhorst, R. L. & Johnson, A. K. The 
subfornical organ and the integration of multiple 
factors in thirst. Physiol. Behav. 32, 69–74 
(1984).

70.	 Mangiapane, M. L., Thrasher, T. N., Keil, L. C., 
Simpson, J. B. & Ganong, W. F. Role for the subfornical 
organ in vasopressin release. Brain Res. Bull. 13, 
43–47 (1984).

71.	 Weisinger, R. S. et al. Subfornical organ lesion 
decreases sodium appetite in the sodium-depleted rat. 
Brain Res. 526, 23–30 (1990).

72.	 McKinley, M. J., Mathai, M. L., Pennington, G., 
Rundgren, M. & Vivas, L. Effect of individual or 
combined ablation of the nuclear groups of the lamina 
terminalis on water drinking in sheep. Am. J. Physiol. 
Regul. Integr. Comp. Physiol. 276, R673–R683 
(1999).

73.	 Thunhorst, R. L., Beltz, T. G. & Johnson, A. K. Effects 
of subfornical organ lesions on acutely induced thirst 
and salt appetite. Am. J. Physiol. Regul. Integr. Comp. 
Physiol. 277, R56–R65 (1999).

74.	 Guyenet, P. G. The sympathetic control of blood 
pressure. Nat. Rev. Neurosci. 7, 335–346 (2006).

75.	 Adolph, E. F. Measurements of water drinking in dogs. 
Am. J. Physiol. 125, 75–86 (1938).

76.	 Bellows, R. T. Time factors in water drinking in dogs. 
Am. J. Physiol. 125, 87–97 (1938).

77.	 Adolph, E. F., Barker, J. P. & Hoy, P. A. Multiple 
factors in thirst. Am. J. Physiol. 178, 538–562 
(1954).

78.	 Rolls, B. J. et al. Thirst following water deprivation in 
humans. Am. J. Physiol. Regul. Integr. Comp. Physiol. 
239, R476–R482 (1980).

79.	 Figaro, M. K. & Mack, G. W. Regulation of fluid intake 
in dehydrated humans: role of oropharyngeal 
stimulation. Am. J. Physiol. Regul. Integr. Comp. 
Physiol.272, R1740–R1746 (1997).

80.	 Hoffmann, M. L., DenBleyker, M., Smith, J. C. & 
Stricker, E. M. Inhibition of thirst when dehydrated 
rats drink water or saline. Am. J. Physiol. Regul. 
Integr. Comp. Physiol. 290, R1199–R1207 
(2006).

81.	 Denton, D. et al. Correlation of regional cerebral 
blood flow and change of plasma sodium 
concentration during genesis and satiation of 
thirst. Proc. Natl Acad. Sci. USA 96, 2532–2537 
(1999).

82.	 Denton, D. et al. Neuroimaging of genesis and 
satiation of thirst and an interoceptor-driven theory of 
origins of primary consciousness. Proc. Natl Acad. Sci. 
USA 96, 5304–5309 (1999).

83.	 Egan, G. et al. Neural correlates of the emergence of 
consciousness of thirst. Proc. Natl Acad. Sci. USA 100, 
15241–15246 (2003).

84.	 Farrell, M. J. et al. Cortical activation and lamina 
terminalis functional connectivity during thirst and 
drinking in humans. Am. J. Physiol. Regul. Integr. 
Comp. Physiol. 301, R623–R631 (2011).

85.	 Saker, P. et al. Regional brain responses associated 
with drinking water during thirst and after its satiation. 
Proc. Natl Acad. Sci. USA 111, 5379–5384 (2014).

86.	 Saker, P., Farrell, M. J., Egan, G. F., McKinley, M. J. & 
Denton, D. A. Overdrinking, swallowing inhibition, 
and regional brain responses prior to swallowing. 
Proc. Natl Acad. Sci. USA 113, 12274–12279 
(2016).

87.	 Mendelson, J. & Chillag, D. Tongue cooling: a new 
reward for thirsty rodents. Science 170, 1418–1421 
(1970).

88.	 Kapatos, G. & Gold, R. M. Tongue cooling during 
drinking: a regulator of water intake in rats. Science 
176, 685–686 (1972).

89.	 Deaux, E. Thirst satiation and the temperature of 
ingested water. Science 181, 1166–1167 (1973).

90.	 Boulze, D., Montastruc, P. & Cabanac, M. Water 
intake, pleasure and water temperature in humans. 
Physiol. Behav. 30, 97–102 (1983).

91.	 Salata, R. A., Verbalis, J. G. & Robinson, A. G. Cold 
water stimulation of oropharyngeal receptors in man 
inhibits release of vasopressin. J. Clin. Endocrinol. 
Metab. 65, 561–567 (1987).

92.	 Peyrot des Gachons, C. et al. Oral cooling and 
carbonation increase the perception of drinking and 
thirst quenching in thirsty adults. PLoS ONE 11, 
e0162261 (2016).

93.	 Conchon, M. F. & Fonseca, L. F. Efficacy of an ice 
popsicle on thirst management in the immediate 
postoperative period: a randomized clinical trial. 
J. PeriAnesthesia Nurs. http://dx.doi.org/10.1016/j.
jopan.2016.03.009 (2017).

94.	 McKemy, D. D., Neuhausser, W. M. & Julius, D. 
Identification of a cold receptor reveals a general role 
for TRP channels in thermosensation. Nature 416, 
52–58 (2002).

95.	 Dhaka, A., Earley, T. J., Watson, J. & Patapoutian, A. 
Visualizing cold spots: TRPM8‑expressing sensory 
neurons and their projections. J. Neurosci. 28, 
566–575 (2008).

96.	 Yarmolinsky, D. A. et al. Coding and plasticity in the 
mammalian thermosensory system. Neuron 92, 
1079–1092 (2016).

97.	 Bott, E., Denton, D. A. & Weller, S. Water drinking in 
sheep with oesophageal fistulae. J. Physiol. 176, 
323–336 (1965).

98.	 Maddison, S., Wod, R. J., Rolls, E. T., Rolls, B. J. & 
Gibbs, J. Drinking in the rhesus monkeys: peripheral 
factors. J. Comp. Physiol. Psychol. 94, 365–374 
(1980).

P R O G R E S S

NATURE REVIEWS | NEUROSCIENCE	  VOLUME 18 | AUGUST 2017 | 467

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

http://dx.doi.org/10.1016/j.jopan.2016.03.009
http://dx.doi.org/10.1016/j.jopan.2016.03.009


99.	 Kraly, F. S., Kim, Y.‑M., Dunham, L. M. & 
Tribuzio, R. A. Drinking after intragastric NaCl without 
increase in systemic plasma osmolality in rats. Am. 
J. Physiol. Regul. Integr. Comp. Physiol. 269, 
R1085–R1092 (1995).

100.	Stricker, E. M., Callahan, J. B., Huang, W. & 
Sved, A. F. Early osmoregulatory stimulation of 
neurohypophyseal hormone secretion and thirst after 
gastric NaCl loads. Am. J. Physiol. Regul. Integr. 
Comp. Physiol. 282, R1710–R1717 (2002).

101.	Hyde, T. M. & Miselis, R. R. Area postrema and 
adjacent nucleus of the solitary tract in water and 
sodium balance. Am. J. Physiol. Regul. Integr. Comp. 
Physiol. 247, R173–R182 (1984).

102.	Curtis, K. S., Verbalis, J. G. & Stricker, E. M. Area 
postrema lesions in rats appear to disrupt rapid 
feedback inhibition of fluid intake. Brain Res. 726, 
31–38 (1996).

103.	Krashes, M. J. Forecast for water balance. Nature 
537, 626–627 (2016).

104.	Thrasher, T. N., Nistal-Herrera, J. F., Keil, L. C. & 
Ramsay, D. J. Satiety and inhibition of vasopressin 
secretion after drinking in dehydrated dogs.  
Am. J. Physiol. Endocrinol. Metab. 240, E394–E401 
(1981).

105.	Arnauld, E. & du Pont, J. Vasopressin release and 
firing of supraoptic neurosecretory neurones during 
drinking in the dehydrated monkey. Pflügers Arch. 
394, 195–201 (1982).

106.	Geelen, G. et al. Inhibition of plasma vasopressin 
after drinking in dehydrated humans. Am. J. Physiol. 
Regul. Integr. Comp. Physiol. 247, R968–R971 
(1984).

107.	Huang, W., Sved, A. F. & Stricker, E. M. Water 
ingestion provides an early signal inhibiting 
osmotically stimulated vasopressin secretion in rats. 
Am. J. Physiol. Regul. Integr. Comp. Physiol. 279, 
R756–R760 (2000).

108.	Vincent, J. D., Arnauld, E. & Bioulac, B. Activity of 
osmosensitive single cells in the hypothalamus of the 
behaving monkey during drinking. Brain Res. 44, 
371–384 (1972).

109.	Bellisle, F. & Le Magnen, J. The structure of meals in 
humans: eating and drinking patterns in lean and 
obese subjects. Physiol. Behav. 27, 649–658 
(1981).

110.	 Phillips, P. A., Rolls, B. J., Ledingham, J. G. G. & 
Morton, J. J. Body fluid changes, thirst and drinking in 
man during free access to water. Physiol. Behav. 33, 
357–363 (1984).

111.	 Cizek, L. J. & Nocenti, M. R. Relationship between 
water and food ingestion in the rat. Am. J. Physiol. 
208, 615–620 (1965).

112.	Fitzsimons, J. T. & Le Magnen, J. Eating as a 
regulatory control of drinking in the rat. J. Comp. 
Physiol. Psychol. 67, 273–283 (1969).

113.	Kissileff, H. R. Food-associated drinking in the rat. 
J. Comp. Physiol. Psychol. 67, 284–300 (1969).

114.	Epstein, A. N., Spector, D., Samman, A. & 
Goldblum, C. Exaggerated prandial drinking in the rat 
without salivary glands. Nature 201, 1342–1343 
(1964).

115.	Kissileff, H. R. Oropharyngeal control of prandial 
drinking. J. Comp. Physiol. Psychol. 67, 309–319 
(1969).

116.	Lepkovsky, S., Lyman, R., Fleming, D., Nagumo, M. & 
Dimick, M. M. Gastrointestinal regulation of water 
and its effect on food intake and rate of digestion. 
Am. J. Physiol. 188, 237–231 (1957).

117.	Gutman, Y. & Krausz, M. Regulation of food and 
water intake in rats as related to plasma 
osmolarity and volume. Physiol. Behav. 4,  
311–313 (1969).

118.	Pernice, B. & Scagliosi, G. Ueber die wirkung der 
wasserentziehung auf thiere [German]. Arch. Pathol. 
Anatomie Physiol. Klinische Med. 139, 155–184 
(1895).

119.	Bing, F. C. & Mendel, L. B. The relationship between 
food and water intakes in mice. Am. J. Physiol. 98, 
169–179 (1931).

120.	Adolph, E. F. Urges to eat and drink in rats. Am. 
J. Physiol. 151, 110–125 (1947).

121.	Ørskov, C., Poulsen, S. S., Møller, M. & Holst, J. J. 
Glucagon-like peptide‑1 receptors in the subfornical 
organ and the area postrema are accessible to 
circulating glucagon-like peptide‑1. Diabetes 45, 
832–835 (1996).

122.	Samson, W. K., White, M. M., Price, C. & 
Ferguson, A. V. Obestatin acts in brain to inhibit thirst. 
Am. J. Physiol. Regul. Integr. Comp. Physiol. 292, 
R637–R643 (2007).

123.	Fry, M., Hoyda, T. D. & Ferguson, A. V. Making sense 
of it: roles of the sensory circumventricular organs in 
feeding and regulation of energy homeostasis. Exp. 
Biol. Med. 232, 14–26 (2007).

124.	Ahmed, A.‑S. F., Dai, L., Ho, W., Ferguson, A. V. & 
Sharkey, K. A. The subfornical organ: a novel site of 
action of cholecystokinin. Am. J. Physiol. Regul. 
Integr. Comp. Physiol. 306, R363–R373 (2014).

125.	Riediger, T., Rauch, M. & Schmid, H. A. Actions of 
amylin on subfornical organ neurons and on drinking 
behavior in rats. Am. J. Physiol. Regul. Integr. Comp. 
Physiol. 276, R514–R521 (1999).

126.	Riediger, T., Schmid, H. A., Young, A. A. & Simon, E. 
Pharmacological characterisation of amylin-related 
peptides activating subfornical organ neurones. Brain 
Res. 837, 161–168 (1999).

127.	Barth, S. W., Riediger, T., Lutz, T. A. & 
Rechkemmer, G. Peripheral amylin activates 
circumventricular organs expressing calcitonin 
receptor a/b subtypes and receptor-activity 
modifying proteins in the rat. Brain Res. 997, 
97–102 (2004).

128.	Pulman, K. J., Fry, W. M., Cottrell, G. T. & 
Ferguson, A. V. The subfornical organ: a central 
target for circulating feeding signals. J. Neurosci. 26, 
2022–2030 (2006).

129.	Lakhi, S., Snow, W. & Fry, M. Insulin modulates the 
electrical activity of subfornical organ neurons. 
Neuroreport 24, 329–334 (2013).

130.	Smith, P. M. et al. The subfornical organ: a central 
nervous system site for actions of circulating leptin. 
Am. J. Physiol. Regul. Integr. Comp. Physiol. 296, 
R512–R520 (2009).

131.	Alim, I., Fry, W. M., Walsh, M. H. & Ferguson, A. V. 
Actions of adiponectin on the excitability of 
subfornical organ neurons are altered by food 
deprivation. Brain Res. 1330, 72–82 (2010).

132.	Dai, L., Smith, P. M., Kuksis, M. & Ferguson, A. V. 
Apelin acts in the subfornical organ to influence 
neuronal excitability and cardiovascular function. 
J. Physiol. 591, 3421–3432 (2013).

133.	Zucker, I. Light-dark rhythms in rat eating and drinking 
behavior. Physiol. Behav. 6, 115–126 (1971).

134.	Reppert, S. M. & Weaver, D. R. Coordination of 
circadian timing in mammals. Nature 418, 935–941 
(2002).

135.	Dibner, C., Schibler, U. & Albrecht, U. The 
mammalian circadian timing system: organization 
and coordination of central and peripheral clocks. 
Annu. Rev. Physiol. 72, 517–549 (2010).

136.	Stephan, F. K. & Zucker, I. Circadian rhythms in 
drinking behavior and locomotor activity of rats are 
eliminated by hypothalamic lesions. Proc. Natl Acad. 
Sci. USA 69, 1583–1586 (1972).

137.	Trudel, E. & Bourque, C. W. Central clock excites 
vasopressin neurons by waking osmosensory afferents 
during late sleep. Nat. Neurosci. 13, 467–474 (2010).

138.	Geerling, J. C. & Loewy, A. D. Central regulation of 
sodium appetite. Exp. Physiol. 93, 177–209 
(2008).

139.	Crews, E. C. & Rowland, N. E. Role of angiotensin in 
body fluid homeostasis of mice: effect of losartan on 
water and NaCl intakes. Am. J. Physiol. Regul. 
Integr. Comp. Physiol. 288, R638–R644 (2005).

140.	Richter, C. P. Increased salt appetite in 
adrenalectomized rats. Am. J. Physiol. 115, 155–161 
(1936).

141.	Rice, K. K. & Richter, C. P. Increased sodium chloride 
and water intake of normal rats treated with 
desoxycorticosterone acetate. Endocrinology 33, 
106–115 (1943).

142.	Wolf, G. Sodium appetite elicited by aldosterone. 
Psychonom. Sci. 1, 211–212 (1964).

143.	Sakai, R. R., Nicolaïdis, S. & Epstein, A. N. Salt 
appetite is suppressed by interference with 
angiotensin II and aldosterone. Am. J. Physiol. 
Regul. Integr. Comp. Physiol. 251, R762–R768 
(1986).

144.	Simpson, S. A. et al. Isolierung eines neuen 
kristallisierten hormons aus nebennieren mit 
besonders hoher wirksamkeit auf den 
mineralstoffwechsel [German]. Experientia 9,  
333–335 (1953).

145.	Vander, A. J. et al. Effects of adrenalectomy and 
aldosterone on proximal and distal tubular sodium 
reabsorption. Proc. Soc. Exp. Biol. Med. 99,  
323–325 (1958).

146.	Funder, J. W., Pearce, P. T., Smith, R. & Smith, A. I. 
Mineralocorticoid action: target tissue specificity is 
enzyme, not receptor, mediated. Science 242,  
583–585 (1988).

147.	Geerling, J. C., Chimenti, P. C. & Loewy, A. D. Phox2b 
expression in the aldosterone-sensitive HSD2 
neurons of the NTS. Brain Res. 1226, 82–88 
(2008).

148.	Geerling, J. C., Kawata, M. & Loewy, A. D. 
Aldosterone-sensitive neurons in the rat central 
nervous system. J. Comp. Neurol. 494, 515–527 
(2006).

149.	Geerling, J. C., Engeland, W. C., Kawata, M. & 
Loewy, A. D. Aldosterone target neurons in the 
nucleus tractus solitarius drive sodium appetite. 
J. Neurosci. 26, 411–417 (2006).

150.	Geerling, J. C. & Loewy, A. D. Aldosterone-sensitive 
neurons in the nucleus of the solitary tract: efferent 
projections. J. Comp. Neurol. 497, 223–250 
(2006).

151.	Geerling, J. C. et al. FoxP2 expression defines 
dorsolateral pontine neurons activated by sodium 
deprivation. Brain Res. 1375, 19–27 (2011).

152.	Davis, J. O., Carpenter, C. C. J., Ayers, C. R., 
Holman, J. E. & Bahn, R. C. Evidence for secretion of 
an aldosterone-stimulating hormone by the kidney. 
J. Clin. Invest. 40, 684–696 (1961).

153.	Blair-West, J. R. et al. Humoral stimulation of adrenal 
cortical secretion. J. Clin. Invest. 41, 1606–1627 
(1962).

154.	Ames, R. P., Borkowski, A. J., Sicinski, A. M. & 
Laragh, J. H. Prolonged infusions of angiotensin II and 
norepinephrine and blood pressure, electrolyte 
balance, and aldosterone and cortisol secretion in 
normal man and in cirrhosis with ascites. J. Clin. 
Invest. 44, 1171–1186 (1965).

155.	Thunhorst, R. L., Ehrlich, K. J. & Simpson, J. B. 
Subfornical organ participates in salt appetite. Behav. 
Neurosci. 104, 637–642 (1990).

156.	Ruhf, A. A., Starbuck, E. M. & Fitts, D. A. Effects of 
SFO lesions on salt appetite during multiple 
sodium depletions. Physiol. Behav. 74, 629–636 
(2001).

157.	Wilson, W. L., Starbuck, E. M. & Fitts, D. A. Salt 
appetite of adrenalectomized rats after a lesion of 
the SFO. Behav. Brain Res. 136, 449–453 (2002).

158.	Galaverna, O. G. et al. Lesions of the central nucleus 
of the amygdala I: effects on taste reactivity, taste 
aversion learning and sodium appetite. Behav. Brain 
Res. 59, 11–17 (1993).

159.	Zardetto-Smith, A. M., Beltz, T. G. & Johnson, A. K. 
Role of the central nucleus of the amygdala and bed 
nucleus of the stria terminalis in experimentally-
induced salt appetite. Brain Res. 645, 123–134 
(1994).

160.	Johnson, A. K., de Olmos, J., Pastuskovas, C. V., 
Zardetto-Smith, A. M. & Vivas, L. The extended 
amygdala and salt appetite. Ann. NY Acad. Sci. 877, 
258–280 (1999).

161.	Cameron, P., Hiroi, M., Ngai, J. & Scott, K. The 
molecular basis for water taste in Drosophila. Nature 
465, 91–95 (2010).

162.	Lindemann, B. Taste reception. Physiol. Rev. 76,  
719–766 (1996).

163.	Ciura, S. & Bourque, C. W. Transient receptor 
potential vanilloid 1 is required for intrinsic 
osmoreception in organum vasculosum lamina 
terminalis neurons and for normal thirst responses 
to systemic hyperosmolality. J. Neurosci. 26, 
9069–9075 (2006).

164.	Sharif-Naeini, R., Witty, M.‑F., Séguéla, P. & 
Bourque, C. W. An N‑terminal variant of Trpv1 channel 
is required for osmosensory transduction.  
Nat. Neurosci. 9, 93–98 (2006).

165.	Liedtke, W. et al. Vanilloid receptor-related osmotically 
activated channel (VR‑OAC), a candidate vertebrate 
osmoreceptor. Cell 103, 525–535 (2000).

166.	Liedtke, W. & Friedman, J. M. Abnormal osmotic 
regulation in trpv4–/– mice. Proc. Natl Acad. Sci. USA 
100, 13698–13703 (2003).

167.	Lechner, S. G. et al. The molecular and cellular identity 
of peripheral osmoreceptors. Neuron 69, 332–344 
(2011).

168.	Watanabe, E. et al. Nav2/NaG channel is involved in 
control of salt-intake behavior in the CNS. J. Neurosci. 
20, 7743–7751 (2000).

169.	Hiyama, T. Y. et al. Nax channel involved in CNS sodium-
level sensing. Nat. Neurosci. 5, 511–512 (2002).

170.	Drummond, H. A., Price, M. P., Welsh, M. J. & 
Abboud, F. M. A molecular component of the arterial 
baroreceptor mechanotransducer. Neuron 21, 
1435–1441 (1998).

171.	Lu, Y. et al. The ion channel ASIC2 is required for 
baroreceptor and autonomic control of the circulation. 
Neuron 64, 885–897 (2009).

P R O G R E S S

468 | AUGUST 2017 | VOLUME 18	 www.nature.com/nrn

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



172.	Taylor, A. C., McCarthy, J. J. & Stocker, S. D. Mice 
lacking the transient receptor vanilloid potential 1 
channel display normal thirst responses and central 
Fos activation to hypernatremia. Am. J. Physiol. Regul. 
Integr. Comp. Physiol. 294, 1285–1293 (2008).

173.	Kinsman, B. et al. Osmoregulatory thirst in mice 
lacking the transient receptor potential vanilloid 
type 1 (TRPV1) and/or type 4 (TRPV4) receptor. Am. 
J. Physiol. Regul. Integr. Comp. Physiol. 307, 
R1092–R1100 (2014).

174.	Sakuta, H., Nishihara, E., Hiyama, T. Y., Lin, C.‑H. & 
Noda, M. Nax signaling evoked by an increase in 
[Na+] in CSF induces water intake via EET-mediated 
TRPV4 activation. Am. J. Physiol. Regul. Integr. 
Comp. Physiol. 311, R299–R306 (2016).

175.	Tucker, A. B. & Stocker, S. D. Hypernatremia-induced 
vasopressin secretion is not altered in TRPV1–/– rats. 
Am. J. Physiol. Regul. Integr. Comp. Physiol. 311, 
R451–R456 (2016).

176.	Roza, C. et al. Knockout of the ASIC2 channel in mice 
does not impair cutaneous mechanosensation, visceral 
mechanonociception and hearing. J. Physiol. 558, 
659–669 (2004).

177.	Zhao, Q. et al. Ion permeation and 
mechanotransduction mechanisms of mechanosensitive 
piezo channels. Neuron 89, 1248–1263 (2016).

178.	Berridge, K. C. Motivation concepts in behavioral 
neuroscience. Physiol. Behav. 81, 179–209 
(2004).

179.	Travers, J. B., Dinardo, L. A. & Karimnamazi, H. 
Motor and premotor mechanisms of licking. 
Neurosci. Biobehav. Rev. 21, 631–647 (1997).

180.	Rossi, M. A. et al. A GABAergic nigrotectal pathway 
for coordination of drinking behavior. Nat. Neurosci. 
19, 742–748 (2016).

181.	Abdelaal, A. E., Mercer, P. F. & Mogenson, G. J. 
Plasma angiotensin II levels and water intake 
following β‑adrenergic stimulation, hypovolemia, 
cellular dehydration and water deprivation. 
Pharmacol. Biochem. Behav. 4, 317–321  
(1976).

182.	Thrasher, T. N., Keil, L. C. & Ramsay, D. J. 
Drinking, oropharyngeal signals, and inhibition of 
vasopressin secretion in dogs. Am. J. Physiol. 
Regul. Integr. Comp. Physiol. 253, R509–R515 
(1987).

183.	Appelgren, B. H., Thrasher, T. N., Keil, L. C. & 
Ramsay, D. J. Mechanism of drinking-induced 
inhibition of vasopressin secretion in dehydrated dogs. 
Am. J. Physiol. Regul. Integr. Comp. Physiol. 261, 
R1226–R1233 (1991).

184.	Watts, A. G. & Boyle, C. N. The functional 
architecture of dehydration-anorexia. Physiol. Behav. 
100, 472–477 (2010).

185.	Zocchi, D., Wennemuth G. & Oka Y. The cellular 
mechanism for water detection in the mammalian 
taste system. Nat. Neurosci. http://dx.doi.
org/10.1038/nn.4575 (2017).

Acknowledgements
The authors thank members of the Knight laboratory for com‑
ments and discussion. C.A.Z. acknowledges support from the 
Genentech Foundation Predoctoral Fellowship, the University 
of California San Francisco (UCSF) Discovery Fellowship and 
the US National Science Foundation Graduate Research 
Fellowship (1144247). D.E.L. acknowledges support from the 
Achievement Rewards for College Scientists (ARCS) 
Foundation Scholarship, the UCSF Discovery Fellowship and 
the US National Institutes of Health (NIH) (F31‑HL131463). 
Z.A.K. is a New York Stem Cell Foundation (NYSCF)–Robertson 
Investigator. Z.A.K. acknowledges support from the NYSCF, 
the American Diabetes Association Pathway Program, the 
Rita Allen Foundation, the McKnight Foundation, the 
Alfred P. Sloan Foundation, the Brain & Behavior Research 
Foundation, the Esther A. & Joseph Klingenstein Foundation, 
the Program for Breakthrough Biological Research and the 
UCSF Diabetes and Endocrinology Research Center 
(P30‑DK06372) and Nutrition and Obesity Research Center 
(P30‑DK098722). This work was supported by an NIH 
Director’s New Innovator Award (DP2‑DK109533), 
R01‑NS094781 and R01‑DK106399.

Competing interests statement
The authors declare no competing interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.

P R O G R E S S

NATURE REVIEWS | NEUROSCIENCE	  VOLUME 18 | AUGUST 2017 | 469

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

http://dx.doi.org/10.1038/nn.4575
http://dx.doi.org/10.1038/nn.4575

	Neural circuits underlying thirst and fluid homeostasis
	Main
	The lamina terminalis
	Distinct neural cell types
	Anticipatory signals
	Interactions with feeding
	Circadian regulation
	Salt appetite
	Open questions
	Implications and conclusions
	Note added in proof
	Publisher's note
	Acknowledgements
	References




