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ABSTRACT 

Salt consumption is unique among the five basic tastes. The perception of salty taste 

revealed a concentration-dependent and internal-state-dependent valence pattern. Low 

concentrations of salt trigger sodium-specific taste receptors while high concentrations 

recruit bitter and sour pathways, which have been investigated by previous research and 

proven with daily experience. I focus on the dynamic nature of salt perception, in the 

perspective of physiological states.  

 

In calorie restricted state, food cues become more appetitive, but in sodium depletion 

state, the hedonic value of salt fundamentally reversed. High concentrations of salt induce 

innate aversion under sated states, whereas such aversive stimuli transform into appetitive 

ones under sodium depletion. Neural mechanisms underlying this state-dependent salt 

valence switch are poorly understood. Using transcriptomics state-to-cell-type mapping 

and neural manipulations, we show that positive and negative valences of salt are 

controlled by anatomically distinct neural circuits in the mammalian brain. The hindbrain 

interoceptive circuit regulates sodium-specific appetitive drive, whereas behavioral 

tolerance of aversive salts is encoded by a dedicated class of neurons in the forebrain 

lamina terminalis (LT) expressing prostaglandin E2 (PGE2) receptor, Ptger3. We show 

that these LT neurons regulate salt tolerance by selectively modulating aversive taste 

sensitivity, partly through a PGE2-Ptger3 axis. These results reveal the bimodal 

regulation of appetitive and tolerance signals toward salt, which together dictate the 

amount of sodium consumption under different internal states. 

 

Maintaining the fluid balance requires complex crosstalk within the neural circuits and 

endocrine systems through the brain-body axis. Despite the prevalence of fluid balance 

dysregulation and salt overconsumption in modern life, its health relevance remains 

underappreciated. I have been attracted to the global salt overconsumption crisis from the 

start of my Ph.D study. The current approaches to regulate salt intake rely heavily on 

imperfect salt substitutes. The PGE2-Ptger3 brain-body axis posed a new top-down 

approach to reduce salt intake. Interestingly, PGE2 is a critical biomarker in pro-

inflammation state. It has been investigated that high salt intake induces chronic 

inflammation, desensitization of salty tastes, and intensified craving for consumption. I 

regard my research of the tolerance circuit as an entry point and hope future research into 

inflammation and its role in salt intake can be translated into concrete salt reduction 

solutions.  
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NOMENCLATURE 

Acesulfame potassium (AceK): non-nutritive sweetener used in taste assays. 

Aldosterone: mineralocorticoid that increases renal Na⁺ reabsorption. 

Amiloride : ENaC blocker that suppresses amiloride-sensitive salt taste. 

Angiotensin II (AngII): vasoconstrictor that regulates thirst and sodium appetite. 

Arginine vasopressin (AVP/ADH): antidiuretic hormone that modulates thirst. 

Atrial natriuretic peptide (ANP): cardiac peptide promoting natriuresis and diuresis. 

Bed nucleus of the stria terminalis (BNST): limbic relay integrating interoceptive and 

affective signals. 

Capsaicin : TRPV1 agonist used as oral noxious stimulus control. 

Channelrhodopsin-2 (ChR2): light-gated cation channel for optogenetic activation. 

Chorda tympani nerve (CT): cranial nerve branch carrying anterior tongue taste afferents. 

Chronic kidney disease (CKD): impaired renal function that perturbs fluid and sodium 

homeostasis. 

Conditioned taste aversion (CTA): learned avoidance after pairing taste with malaise (e.g., 

LiCl). 

Circumventricular organs (CVOs): brain areas with highly permeable blood brain barriers; 

important in fluid regulation. 

Cyclooxygenase (COX): enzymes synthesize prostanoids including PGE2. 

Diuresis/Antidiuresis: increase/decrease in urine flow. 

DREADDs (hM3Dq/hM4Di): chemogenetic GPCRs enabling bidirectional neuronal 

control. 

dLight: genetically encoded dopamine sensor for reward measurements (e.g., NAc). 

Epithelial Sodium Channels (ENaC): epithelial Na⁺ channel for amiloride-sensitive salt 

taste and collecting-duct Na⁺ uptake. 

Fiber photometry: bulk fluorescence recording of neural activity (e.g., GCaMP/dLight). 

Furosemide: loop diuretic inhibiting NKCC2 to increase natriuresis. 

GCaMP: genetically encoded Ca²⁺ indicator for neuronal activity. 

Glomerular filtration rate (GFR): index of kidney filtration function. 

Gustatory cortex/insula (InsCtx): cortical representation of taste quality and valence. 

Gustometer/Lickometer: apparatus for controlled, lick-based taste assays. 

Hedonic valence: pleasant–unpleasant value assigned to a stimulus. 

HSD2 neurons: neurons expressing 11-beta-hydroxysteroid dehydrogenase type 2 (HSD2) 

at NTS neurons that regulate sodium appetite. 

Hypovolemia: low circulating volume activating RAAS and thirst pathways. 

Immunofluorescence: antibody-based protein labeling in tissue sections. 

Insulin: metabolic hormone with central effects on taste/reward and ingestive drives. 

Intracellular fluid (ICF): K⁺-rich fluid compartment within cells. 

Leptin: adipokine that suppresses appetite and modulates taste/reward circuits. 

Lamina terminalis (LT): SFO/OVLT/MnPO macrostructure integrating osmolality and 
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hormone inputs. 

Median preoptic nucleus (MnPO): a component of LT controlling fluid regulation. 

Natriuresis: renal excretion of sodium. 

Na(x) channel: glial sodium-level sensor implicated in LT osmosensing. 

Nucleus accumbens (NAc): reward/palatability hub receiving dopamine. 

Nucleus of the solitary tract (NTS): hindbrain interoceptive/taste hub receiving visceral 

inputs. 

Nonsteroidal Anti-Inflammatory Drug (NSAIDs): COX inhibitors that reduce 

prostaglandin synthesis. 

Osmolality: solute concentration per kg water. 

Osmotic thirst: drive to drink water triggered by increased plasma osmolality. 

Oxytocin (OT): hypothalamic neuropeptide modulating social/affective states and fluid 

intake. 

Organum Vasculosum of the Lamina Terminalis (OVLT): a component of LT controlling 

fluid regulation. 

Palatability : immediate affective liking during consumption. 

Parabrachial nucleus (PBN): taste/visceral relay in the hindbrain. 

Paraventricular nucleus (PVN): hypothalamic homeostatic center. 

PDYN neurons: neurons expressing prodynorphin at pre-LC that drive sodium appetite. 

Peri-locus coeruleus: hindbrain areas driving sodium appetite. 

Prostaglandin E2 (PGE2): Eicosanoids synthesized from arachidonic acid by COX, 

enriched during inflammation. 

PGE2 receptor 3 (PTGER3/EP3): PGE2 receptor. 

Quinine: tastants deliver bitter taste. 

Renin–angiotensin–aldosterone system (RAAS): endocrine axis for sodium retention, 

vasoconstriction, thirst and stress. 

RNAscope: multiplex fluorescent in situ hybridization for RNA. 

Satiation/Satiety: meal-ending processes and post-meal suppression of intake. 

Subfornical organ (SFO): a component of LT controlling fluid regulation. 

Sodium appetite: specific motivation to seek Na⁺ when depleted. 

Sodium-potassium-2-chloride cotransporter protein (NKCC2): thick-ascending limb Na⁺-

K⁺-2Cl⁻ cotransporter; loop diuretic target. 

Transient Receptor Potential, Melastatin 5 (TRPM5): cation channel in type II taste cells 

required for sweet, bitter and umami transduction. 

Two-bottle choice: preference assay presenting two solutions simultaneously. 

Valence: hedonic value of a stimulus (appetitive vs aversive). 

Valence switch (salt): sodium depletion converts high salt from aversive to appetitive. 
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C h a p t e r  1  

TASTE VALENCE 

 

A stimulus can feel pleasant or unpleasant depending upon its usefulness as determined by 

internal signals.  – Michel Cabanac1 

 

Organisms maintain homeostasis while constantly exchanging energy and information with 

the external world. Sensation is the interface for this exchange. In classic work, Cabanac 

introduced alliesthesia, that the same stimulus can feel pleasant or unpleasant depending on 

the internal state.1 He proposed the shifted perception of olfactory and gustatory cues in 

hunger and satiation states, along with the thermal sensation as examples of this dynamic 

process.1,2 The perceived pleasantness represents its utility. If the stimulus helps the body 

retrieves internal homeostasis from deviation, then it is sensed as pleasant, and vice versa.3 

The pleasantness level determines the attraction or avoidance behavioral output. Cabanac 

later characterized sensation as tridimensional: qualitative, quantitative, and affective, which 

is defined with pleasure and displeasure.4 In this perspective, the state-dependent pleasure 

serves as a common currency for weighing different motivations and making decisions.5,6 

The contemporary neuroeconomic view adopts the quantitative version of the utility theory 

that choices are made by a computation of values integrating internal state with expected 

outcomes.7 
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In contemporary affective science, the hedonic dimension of a stimuli is termed the valence. 

Valence is a critical concept in multiple theories. In the circumplex framework of affect, 

valence and the pleasant–unpleasant axis, together with the arousal and alert axis, organize 

emotion.8 In reward theory, valence represents a spectrum of “liking,” or hedonic value, 

whereas a separable concept is “wanting,” characterizing the incentive salience of behavior.9–

11 In the perspective of constructionist, valence is a basic ingredient of affect built from 

interoceptive signals, echoing the alliesthesia concept.12 

 

1.1 State-dependent change in taste valence 

The phenomenon of state-dependent valence change spans multiple sensory modalities. In 

olfaction, food odors are sensitized in calorie deficiency.13,14 In somatosensation, placebo 

analgesia has been reported in patients with less pain sensation of identical nociceptive 

stimuli and decreased fMRI responses in pain sensation brain areas.15,16 In vision, the 

brightness and contrast of colors are biased with increased levels of stress and emotions.17,18 

Similar effects are demonstrated in audition with an altered amplitude and frequency 

sensation.19,20 The thesis will focus on the state-dependent valence change in gustatory 

stimuli. 

It has been well established that hunger or satiety states, or in other words, calorie deprivation 

or replenishment can alter taste valence.21,22 Early human psychophysical studies show the 

hedonic value increase in hunger is specific to food cues rather than water.23 Interestingly, in 

rodents with 48-hour food restriction, even the palatability of water is increased.24 Food 

deprivation enhances sensitivity to certain tastes: for example, detection thresholds for sweet 

and salty tastes are significantly lowered during fasting compared to satiety.21 The taste 
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sensitivity to bitter during hunger was not extensively studied, but some results indicated a 

significantly higher sensitivity during satiety and higher tolerance during hunger.25–27 The 

taste sensitivity mentioned is implied from behavioral consumption assays rather than direct 

measurement of sensory input from taste cells. Instead, the activation of orexigenic Agouti-

related peptide (AgRP)-expressing neurons did not alter sweet or bitter signals from chorda 

typamni.28 Injection of leptin reduced the integrated responses of the chorda tympani and 

glossopharyngeal nerves selectively to sweet taste only during hunger.29 Concluding from 

the behavioral data, hunger broadly enhances the appeal of palatable tastes and blunts the 

aversiveness of negative taste, an adaptive change that encourages food consumption when 

energy is needed. However, it is still unknown whether the internal state change will lead to 

any direct peripheral modification for taste sensation.30 

 

1.2 Neural modulation in hunger-induced taste valence change 

Early neurophysiology studies identified several brain areas where neural responses to taste 

stimuli depend on the internal state. Orbitofrontal cortex (OFC), lateral hypothalamus (LH), 

and amygdala respond strongly to palatable tastes like sucrose in hunger but the response is 

significantly reduced for the same taste after satiation.21,31–34 Functional MRI studies in 

humans mirror these findings, showing that the signal in the OFC and anterior insular cortex 

to oral taste is higher when people are hungry and declines after they eat.35–37 

In rodent models, direct stimulation on the hunger neurons in the arcuate nucleus (Arc) is 

sufficient to decrease the behavioral sensitivity to bitter.28 AgRP expressing neurons and its 

downstream brain areas have been extensively studied in regards to its role in palatability 

and consumption.38–45 Selective activation of glutamatergic Vglut2-expressing neurons in 
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the LHA is sufficient and necessary for the hunger-induced taste modification.28 Separable 

neural populations from LHA projecting to lateral septum (LS) and lateral habenula (LHb) 

modulate sweet and bitter taste respectively.28 Additionally, reward regions, for example 

insular cortex, receive indirect inputs from AgRP neurons and modulate responses towards 

the food cues in different internal states.37,46–48 Though there is no evidence of how distinct 

neural populations are activated by internal states, there is topographically separable 

populations in the amygdala imposing positive and negative valence to taste stimuli.49 

Internal state shifts like hunger might tune the distinct projection from taste cortex to 

recalibrate taste. 

In Drosophila, starvation reconfigures taste valence through parallel neuromodulatory 

cascades and modulates directly on primary gustatory channels.50 The phenotype is similar 

to rodent models with a bidirectional, state-scalable shift in the hedonic value of the same 

tastants. Interestingly, the sweet and bitter sensitivity change demonstrates a different 

kinetics.50 The sweet sensitivity enhancement occurs together with food seeking behaviors, 

allowing animals to consume as early as possible. During severe starvation, bitter 

desensitization takes over and amplifies food choices to recover as much energy as possible. 

Similar levels of onset time accuracy have not been studied in rodent or primate models.  

 

1.3 Hormonal modulation in hunger-induced taste valence change 

Taste valence is dynamically modulated by hormones that reflect internal physiological 

states. Interestingly, various research has demonstrated these hormones can act directly on 

primary sensory channels. Ghrelin is locally produced in taste cells, and mice lacking its 

cognate receptor (GHSR) show reduced salty and sour responsivity.51 Endogenous leptin 
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acts on Ob-Rb receptors to hyper-polarize T1R sweet-sensitive taste cells and suppress 

sweet taste sensitivity, whereas injected leptin suppresses chorda tympani and 

glossopharyngeal responses to sweet without altering salty/sour/bitter.52–54 By contract, 

glucagon and glucagon-like peptide-1 (glucagon-like peptide-1) are  locally produced in the 

taste buds and enhance the sensitivity to sweet. 55–57 GLP-1 produced from the taste cells acts 

on adjacent intragemmal gustatory afferents whereas locally produced glucagon activates the 

glucagon receptor (GCGR) and enhances chorda tympani responses. Functionally, this 

mechanism provides a phasic, meal-time amplifier that sharpens detection of caloric sugars 

at the tongue, even though central GLP-1 pathways promote satiety over a longer time frame. 

Recordings from taste cells showed insulin activates the epithelial sodium channel (ENaC) 

through phosphoinositide 3-kinase in taste receptor cells and systematic application of 

insulin  induced avoidance in mice encountering low concentrations of sodium.58 In humans, 

only intranasal experiments of insulin showed an increase in gustatory sensitivity to all 

tastes.59 A long term high salt diet has been identified as a risk factor for type-2 diabetes. It 

will be interesting to investigate how excess salt interferes with insulin dynamics and leads 

to salt taste desensitization in the long term. 

Beyond energy balance, cholecystokinin (CCK) is expressed in bitter-responsive taste cells 

and can enhance bitter signaling to gustatory nerves, reinforcing aversive feedback as meals 

progress.60,61 Fluid-balance hormones, for example, angiotensin II, acting on AT1 receptors 

in taste buds, suppresses amiloride-sensitive salty signaling yet enhances sweet sensitivity, 

which matches the selective intake during dehydration.62Additionally, hormones for stress, 
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reproduction, and circadian timing can also shape taste. Acute stress and associated cortisol 

responses attenuate perceived sweet and reduce salt/sour intensity in humans.63 While 

oxytocin has a mild reduction to sweet sensitivity, estrogen receptors are present in mouse 

taste cells and estradiol can bias sweet preference.64,65  In pregnancy and menstrual cycles, 

many females have observed an altered taste profile. How hormones regulate the taste 

valence change remains unknown. 
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C h a p t e r  2  

TASTE VALENCE IN SODIUM DEPLETION 

The same sensory stimuli often drive distinct behavioral responses depending on the internal 

nutrient state66–70. Such state-dependent changes in nutrient value represent a fundamental 

basis of energy and fluid homeostasis. As the most abundant extracellular cation, sodium has 

critical roles in many physiological functions, including osmoregulation and neural 

transduction71,72. While sufficient sodium ingestion is vital for animals, overconsumption 

can cause acute and chronic disorders, e.g., hypertension73–75. To achieve optimal ingestion, 

the brain modulates sodium saliency (palatability) based on internal state and salt 

concentration76,77. Under sodium-sated conditions, animals show modest attraction toward 

low concentrations of sodium (<100 mM) and strong aversion toward higher concentrations 

(>300 mM). This behavioral preference drastically switches when sodium is depleted in the 

body. Sodium-depleted animals vigorously ingest salt at higher concentrations that are 

normally aversive68,78–81. Thus, sodium depletion elevates both appetitive drive and 

behavioral tolerance toward salt. This internal-state- and concentration-dependent valence 

regulation allows animals to minimize sodium overconsumption under sated states while 

maximizing the chance of sodium ingestion under depletion. Such flexible ingestion requires 

the brain to precisely control both appetitive drive and aversion tolerance toward salt. 

At the peripheral level, salts activate multiple taste pathways involved in appetitive and 

aversive behavioral responses. Low salt is detected by specific taste cells that express the 

epithelial sodium channel (ENaC)82–84. These signals mediate behavioral attraction under 
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depleted conditions. Moderate to high concentrations of salt generally trigger behavioral 

aversion in sated animals by recruiting additional aversive taste pathways (Figure S1A)78,85. 

Unlike the sodium-specific ENaC pathway, aversive salt pathways are promiscuous and 

activated by salts in general.  

At the central level, sodium ingestion is controlled by at least two neural modules in the 

forebrain and hindbrain. First, specific neurons in the solitary nucleus tract (NTS) respond to 

internal sodium depletion through the action of aldosterone and angiotensin86–89. These 

signals are transmitted to their downstream brain areas, including the pre-locus coeruleus 

(pre-LC), to drive salt-ingestive behavior90,91. Second, sodium depletion activates neurons in 

the sensory organs of forebrain LT comprised of the subfornical organ (SFO) and organum 

vasculosum of the LT (OVLT)72,92–94. Although the genetic identity of the forebrain neurons 

is unknown, they were suggested to contribute to sodium preference95,96. Despite the 

accumulating evidence on interoceptive circuits, it is still unclear how the brain modulates 

positive and negative sensory valences in an internal-state-dependent manner.  

 

2.1 Taste tolerance is functionally separable from salt appetite 

Toward circuit-level understanding of sodium homeostasis, we examined whether appetitive 

drive and behavioral tolerance toward salt are independently regulated. Under sodium-

depleted conditions, animals robustly consume both low (60 mM) and high (500 mM) salt 

solutions (Figure 1A and Figures S1B-C). Notably, these mice tolerate low salt containing 

aversive minerals such as KCl, CalCl2 and MgCl2 that frequently coexist with sodium in 

natural resources97. In sharp contrast, sated or thirsty animals only accepted pure water and 



 

 

9 

low salt with no tolerance toward aversive minerals (Figure 1A and Figures S1B-C). Similar 

results were obtained with a bitter compound: sodium-depleted animals consumed low salt 

supplemented with quinine, which was totally refused by sated or thirsty animals. These 

results show that sodium depletion regulates sensory valence of salt in two ways: 1) 

enhancing sodium-specific appetitive drive, and 2) suppressing behavioral aversion toward 

aversive compounds (Figures 1B-C). 

We investigated if these two sensory modulations are controlled by independent neural 

circuits. Previously, we showed that specific excitatory neurons in the hindbrain pre-LC (pre-

LCPdyn) neurons receive inputs from NTS interoceptive neurons and are causally linked to 

sodium ingestion90,98. We investigated whether pre-LCPdyn neurons mediate both appetitive 

drive and aversion tolerance or only one of the two aspects. Channelrhodopsin (ChR2) was 

expressed in pre-LCPdyn neurons using adeno-associated virus (AAV) carrying Cre-

dependent ChR2, and animals were tested with different concentrations of salt with or 

without aversive taste (Figure 1D). As expected, both sodium-depleted and pre-LCPdyn–

stimulated animals consumed to low and high salt (Figure 1D and Figure S1D, 60 and 500 

mM NaCl). However, compared to sodium depletion, pre-LCPdyn–stimulated animals 

preferred low salt over high salt despite stronger appetitive signals through the ENaC 

pathway by high salt (Figure S1E). These results suggest that pre-LCPdyn–mediated sodium 

intake may lack the normal salt tolerance observed under sodium depletion. Indeed, only 

sodium-depleted, but not pre-LCPdyn-stimulated animals tolerated aversive KCl or quinine in 

low salt solutions (Figure 1D and Figure S1D, 60 mM NaCl with KCl or quinine). 

Furthermore, in the presence of a potent ENaC blocker, amiloride, photostimulation of pre-
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LCPdyn neurons no longer induced sodium consumption (Figure S1F). These behavioral 

results demonstrate that the hindbrain circuit mainly controls sodium-specific appetitive 

drive, and that the attraction and aversion components toward salt are separable in the brain.  

 

2.2 Distinct neural circuits encode taste tolerance 

Where is aversive salt tolerance encoded in the brain? Besides the hindbrain interoceptive 

circuit, the forebrain LT has been suggested to regulate sodium intake96,99. Given sodium-

specific appetite regulation by the hindbrain circuit, we hypothesized that forebrain LT 

neurons regulate aversive taste modulation and behavioral tolerance toward salt. In 

accordance with previous work96,99, we found sparse but robust activation of LT neurons 

under sodium depletion based on an immediate early gene expression (Figure 2A and Figure 

S2A). To identify specific cell types activated under sodium depletion, we adapted stimulus-

to-cell-type mapping95,100 on the 10x Chromium platform. We compared transcriptomic data 

between sated and sodium-depleted conditions by collecting the SFO, enzymatically 

dissociating the tissue, and performing scRNA-seq experiments in the presence of a 

transcription blocker. Approximately 40,000 cells were collected from the SFO of sated and 

sodium-depleted animals, of which ~10,000 neurons were used for further analyses. The data 

from sodium-depleted animals were compared with those from sated animals (Figure 2B). 

Among all neurons, sodium depletion activated a single excitatory neuron type (Glut1) 

(Figure 2C). Gene expression comparison between neuron types (Figure 2D) identified that 

prostaglandin receptor type 3 mRNA (Ptger3) was selectively expressed in the sodium-

depletion-activated Glut1 cluster (Figures 2E-F). Interestingly, Ptger3-positive neurons 
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(SFOPtger3) comprise a small population of neuron types activated under hypovolemic 

thirst, a condition where both water and salt are depleted (Figures S2B-C).  

To test if the SFOPtger3 population is anatomically distinct in the SFO, we performed spatial 

transcriptomic analyses using seq-FISH101,102. We selected 192 genes for mRNA 

hybridization based on transcriptomic data and annotated them in the anterior and posterior 

areas of the SFO (Figure 2G). By analyzing ~1700 neurons, we validated that Ptger3-

expressing neurons are anatomically distinct from other neural populations (Figure 2H and 

Figure S2D). Moreover, SFOPtger3 neurons were the only active population under sodium 

depletion (Figure 2I), in accordance with our scRNA-seq results. 

 

2.3 LTPtger3 neurons are sufficient and necessary for tolerance 

To gain genetic access to Ptger3-positive neurons, we generated transgenic mice with IRES-

Cre recombinase:GFP fusion protein targeted to the Ptger3 locus (abbreviated as Ptger3Cre, 

also see Figure S3A). Fluorescent in situ hybridization validated faithful Cre expression in 

endogenous Ptger3-expressing neurons (Figure 3A). To test the activation spectrum of these 

neurons, we exposed animals to different internal states and stimuli including various 

nutrient depletion, visceral malaise, pain, and inflammation (Figure 3B). Quantification of 

Fos immunofluorescence signals showed that SFOPtger3 neurons are narrowly tuned to 

sodium-need states (Figure S3B). Interestingly, the only exception was inflammatory pain, 

which partially activated these neurons. 

In Ptger3Cre transgenic line, gene-targeted Cre insertion results in premature Ptger3 

disruption. Thus, we used heterozygous Ptger3Cre/wt animals to test whether SFOPtger3 neurons 
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mediate appetitive drive and/or aversion tolerance toward salt. To this end, we infected 

AAV-DIO-ChR2 in the SFO of Ptger3Cre/wt mice and implanted an optic fiber over the SFO 

(Figure S3C). Although photostimulation strongly activated SFOPtger3 neurons, it did not 

induce ingestive behavior toward fluids with any stimulation parameters tested (Figure 3C). 

We next examined whether these neurons mediate behavioral tolerance. While thirsty mice 

showed dose-dependent aversion toward salt, SFOPtger3-stimulated animals exhibited greatly 

increased consumption of aversive high salt (Figure 3D, Figures S3D-E, and Videos S1-2). 

Importantly, photostimulation did not affect water or low-salt consumption, excluding the 

possibility that SFOPtger3 neurons mediate general appetite modulation. The same 

photostimulation paradigm also enhanced behavioral tolerance toward aversive compounds 

presented with low salt (Figure 3E). Unlike pre-LCPdyn neurons, amiloride had no effect on 

SFOPtger3-mediated salt tolerance (Figure S3F). We note that the levels of SFOPtger3-induced 

tolerance were comparable to those under sodium depletion (Figure S3G).  

We also investigated if LTPtger3 neurons are functionally required for salt tolerance.  

Because a subset of OVLT neurons also expressed Ptger3 (Figure S3H), and were activated 

under sodium depletion, we expressed an inhibitory DREADD in Ptger3 neurons of these 

areas by transducing AAV-DIO-hM4Di. Inhibition of SFO/OVLTPtger3 neurons by a 

synthetic DREADD ligand, CNO, drastically suppressed tolerance toward aversive salt 

under sodium-depleted or hypovolemic state (Figure 3F and Figure S3I). LTPtger3-inhibited 

mice no longer tolerated low salt with quinine or KCl, whereas the same inhibition had no 

effect on solute intake under osmotic thirst conditions where Ptger3 neurons are not activated 

(Figure 3F). The blunted tolerance was also observed when only SFOPtger3 neurons were 
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inhibited (Figure S3J). Taken together, our neural perturbation experiments revealed an 

essential role of SFOPtger3 neurons in regulating aversion tolerance, but not in appetitive drive 

toward salt. 

 

2.4 Forebrain taste tolerance circuit is independent from hindbrain appetite circuit 

Given the distinct functions of forebrain and hindbrain circuits for salt ingestion, we asked 

whether sodium depletion activates pre-LCPdyn and SFOPtger3 neurons independently or in 

series (Figure 4A). To test this, we genetically probed pre-LCPdyn → SFOPtger3 and SFOPtger3 

→ pre-LCPdyn projections by expressing ChR2-EYFP/ChR2-mCherry in either neural 

population. While both populations send axonal projections to downstream areas, practically 

no anatomical interaction was observed between pre-LCPdyn and SFOPtger3 neurons (Figures 

4B-C, top). Optogenetic stimulation of each excitatory population did not activate neurons 

in the other nucleus, showing functional independence between these two neural populations 

(Figures 4B-C, bottom). Moreover, ablation of either pre-LCPdyn or LTPtger3 by Cre-dependent 

expression of caspase did not affect Fos immunofluorescence signals in the remaining 

nucleus under sodium depletion (Figures 4D-E). Thus, forebrain and hindbrain circuits are 

independently activated under depleted states.  

 

2.5 Taste tolerance is specific to bitter and sour taste 

In the mammalian taste system, high salt activates aversive taste pathways, including bitter 

and sour78,85. Genetic silencing of aversive taste signals (e.g., Trpm5-/-103,104) greatly reduced 

behavioral avoidance toward salt (Figure S4A). We suspected that the activity of Ptger3 
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neurons might control the sensitivity or saliency of aversive taste signals. If this was true, 

we anticipated that the stimulation of SFOPtger3 neurons should reduce behavioral aversion 

toward bitter or sour taste stimuli. Indeed, while animals exhibited dose-dependent aversion 

toward bitter and sour tastes, acute stimulation of SFOPtger3 neurons drastically blunted 

aversive responses to quinine and to a lesser degree, citric acid (Figures 5A-B). Because 

acids activate multiple oral sensory pathways105–107, these multimodal signals may have 

masked the tolerance effects by SFOPtger3 neurons. By contrast, such aversive taste tolerance 

was not induced by photostimulation of pre-LCPdyn neurons (Figure S4B). The behavioral 

responses to an attractive taste such as sweet was unaffected by the same neural manipulation 

(Figure 5C). Moreover, SFOPtger3-mediated behavioral tolerance was not generalized to 

conditioned taste aversion or capsaicin, a non-taste oral noxious stimulus108 (Figure S4C and 

Figure 5D). Taken together, our data demonstrate that behavioral effects through SFOPtger3 

neurons are selective toward aversive taste stimuli (Figure 5E). Consistent with this model, 

the same neural manipulation had no effect on behavioral tolerance toward other aversive 

stimuli including heat, acute, and inflammatory pain (Figures S4D-G).  

We reasoned that if SFOPtger3 neurons encode aversive taste tolerance, artificial stimulation 

of this neural population should increase general taste palatability. To test this idea, food-

deprived animals were given access to sugars (glucose and acesulfame K109) with or without 

an additional bitter component (Figure 5F). Because sugar and bitter taste mixture is less 

palatable than the pure sugar solution, mice show reduced preference toward the mix (Figure 

5F and Figure 5G, left). However, stimulation of SFOPtger3 neurons suppressed the 

aversiveness of the mixture, and animals showed increased preference toward the mixture 
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comparable to the pure sugar solution. Similar results were obtained for umami taste 

(Figure 5G, right). 

 

2.6 Discussion 

We demonstrated that two critical aspects of salt ingestion, sodium-specific appetitive drive 

and general salt tolerance are modulated by separate neural populations in an internal-state-

specific manner. Our neural perturbation experiments showed that appetitive drive is 

regulated by the hindbrain neural pathway, while aversion tolerance is regulated by forebrain 

SFOPtger3 neurons (Figure S5A). Such a bimodal neural architecture reveals a flexible 

regulatory mechanism of sodium ingestion by modulating the saliency of sodium taste 

depending on internal need. 

Although  sodium depletion suppresses the apparent sensitivity to aversive tastes, such 

sensory modulation may occur at the peripheral or/and central levels110–113. Our results favor 

the central modulation model, as peripheral taste signals were minimally unaffected by 

sodium deletion or SFOPtger3 neuron activity. We stimulated the tongue with different 

concentrations of NaCl while recording peripheral taste nerves using in vivo 

electrophysiology114,115 and observed that the response threshold and amplitude to NaCl were 

largely unchanged under sated, thirsty, sodium-depleted, or SFOPtger3-stimulated conditions 

(Figures S5B-D). Although the precise pathways of taste modulation remain to be 

investigated, these results suggest that regulation of behavioral sensitivity to aversive taste 

stimuli is likely mediated at the central levels.  
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While the LT is involved in water and sodium balance81,84,96, how individual LT cell-types 

are involved in these regulations has been elusive95. Here we show that a genetically defined 

neuron class that expresses Ptger3 mediates a specific aspect (tolerance) of fluid ingestion. 

These findings provide key insights into central coding logic of internal water-sodium 

balance. Under sodium depletion or hypovolemia, SFOPtger3 neurons are activated to promote 

salt ingestion86,88,90. Conversely, osmotic thirst activates non-SFOPtger3 LT neurons to drive 

pure water intake90,116. Thus, each class of LT neurons are activated in an internal-state-

dependent manner, yet encodes a specific physiological function (e.g., SFOPtger3 for mineral 

tolerance). It is currently unclear how SFOPtger3 and other LT neurons exert salt tolerance and 

fluid ingestion through downstream brain areas (Figure S5E). Future brain-wide downstream 

analyses will reveal how multiple neuron types regulate water and sodium balance under 

fluid imbalance. 

Previous studies have observed elevated tolerance toward aversive stimuli under hunger 

states70,117,118. However, the underlying mechanisms appear distinct from salt tolerance. 

Stimulation of hunger neurons in the arcuate nucleus drives feeding and suppresses various 

noxious stimuli in parallel through their downstream projections70,118. By contrast, sodium 

appetite and tolerance are encoded by distinct neural circuits. Why do different interoceptive 

circuits employ distinct appetitive/tolerance mechanisms? It is well established that the 

valence of sodium switches in a concentration- and internal-state-dependent fashion. Thus, 

it is conceivable that the hindbrain pre-LCPdyn neurons mediate internal-state-specific 

regulation while forebrain SFOPtger3 neurons encode concentration-dependent regulation 

toward sodium salts. Such neural architecture would allow interoceptive and exteroceptive 

signal integration to optimize sodium consumption. 
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Unlike non-caloric artificial sweeteners such as sugar substitutes, sodium is the only safe 

cation that exhibits salty taste119. Even though salt overconsumption is a significant health 

risk factor, modulation of salt consumption has been challenging due to the lack of sodium 

substitutes. Our findings shed light on a potential strategy to modulate salt taste by saliency 

control. We showed that activation and inhibition of SFOPtger3 neurons bidirectionally 

regulated sodium tolerance and consumption (Figures 3D-F). The SFO lacks the normal 

blood-brain barrier, making it accessible to compounds in systemic blood circulation such as 

PGE2. Thus, identifying compounds that activate or inhibit LTPtger3 neurons may provide a 

salt-taste-modifying strategy to control sodium consumption. 

 

2.7 Limitations of the study 

Our study employed a standard sodium depletion model by injecting a diuretic compound 

and testing behavior or histology at a fixed time (24 hr). In future studies, it will be important 

to test whether the development of sodium-specific appetite and general salt tolerance may 

have different time scales in the brain. Additionally, sodium depletion independent of salt 

furosemide should be tested. 
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2.9 Method 

Animals  

All procedures followed the US NIH guidance for the care and use of laboratory animals 

and were approved by the California Institute of Technology Institutional Animal Care and 

Use Committee (protocol: 1694–14). Male and Female mice at least 8 weeks were used for 

behavioral tests and histology characterization. No sex difference is observed in this study. 

For scRNA-seq experiments, 7-8-week-old C57BL/6J mice were used. C57BL/6J were 

purchased (000664) from the Jackson Laboratory. PdynCre mice were a gift from B. Lowell 
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and M. Krashes (Jackson lab, 027958). Heterozygous PdynCre mice were used for all 

experiments. Trpm5-/- mice were generously provided by C. Zuker (Jackson lab, 013068). 

Mice were housed in temperature-controlled and humidity-controlled rooms with a 13:11 

hr light:dark cycle. Mice are provided with ad libitum access to chow and water unless 

mentioned in the nutrient deprivation experiments.  

Generation of the Ptger3Cre mouse line  

Ptger3Cre animals were generated by inserting mnCre:GFP cassette just 5’ of the initiation 

codon of Ptger3 gene and deleting the first 40 amino acids. The cassette had a Myc-tag and 

nuclear localization signals at the N-terminus. The targeting construct was electroporated 

into G4 ES cells (C57Bl/6 × 129 Sv hybrid) and correct targeting was identified by 

Southern blot. The frt-flanked SV-Neo gene was removed via breeding with 

Gt(Rosa)26Sor-FLP recombinase mice and then backcrossing to C57BL/6J mice for >6 

generations. Homozygous Ptger3Cre/Cre mice are equivalent to Ptger3-/- because of the 

amino acid deletion.  

Viral constructs  

We used the following viruses: AAV5-EF1a-DIO-ChR2-EYFP, 3.0 × 1013 viral genomes 

per ml. AAV2-EF1a-DIO-ChR2-mCherry, 5.1 × 1012 viral genome copies per ml. AAV2-

EF1a-DIO-mCherry, 4.6 × 1012 genome copies per ml. AAV8-hSyn-DIO-hM4D(Gi)-

mCherry, 1.9 × 1013 viral genomes per ml. AAV2-hSyn-DIO-hM3D(Gq)-mCherry, 6.5 × 

1012 viral genomes per ml. AAV2-Flex-taCaso3-Tevp, 1.8 x1012 viral genome copies per 

ml. AAV5-Flex-taCasp3-Tevp, 4.2 x 1012 viral genome copies per ml 

Surgery 
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Surgery procedures were performed as described90. Briefly, ketamine (1 mg/ml) and 

xylazine (10 mg/ml) in saline were injected intraperitoneally at a dose of 10 ml per kg body 

weight (BW) for anaesthesia.  Ketoprofen was injected subcutaneously at a dose of 5 ml 

per kg BW. Surgery was performed with a stereotaxic apparatus (Narishige, SR-5M-HT) 

on a heating pad at 37 °C. Virus was delivered with a microprocessor-controlled injection 

system (World Precision Instruments, Nanolitre 2000) at 100 nl/min. The following 

coordinates were used: for pre-LC: anterior–posterior (AP), 9,000, medial–lateral (ML), 

1,000, ventral–dorsal (VD), 3,800; for SFO: AP, 4,000, ML, 0, VD, 2,500; for OVLT: AP, 

2,475, ML, 0, VD, 4,750; for dorsal part of the NAc medial shell: AP, 2,100, ML, 700, 

VD, 4,000. For optogenetic experiments, virus was delivered unilaterally at a volume of 

120-200 nl. Implants were made by gluing a 200-µm fibre bundle (Thorlabs, FT200EMT) 

to a ceramic ferrule (Thorlabs, CF230-10) with epoxy. The fibre implant was placed 200 

μm above the virus injection site. For chemogenetic inhibition experiments, virus was 

delivered at 180-200 nl per region. For ablation experiments, virus was delivered at 200-

250 nl per region.  

Internal state induction 

Sodium depletion: Mice were injected intraperitoneally with furosemide at a dose of 50 mg 

per kg BW and maintained with a low-sodium diet for 24 hr before behavioral assays or 

immunohistological staining120.  

Osmotic thirst: Mice were injected intraperitoneally with either 2 M NaCl (5 ml per kg 

BW) or mannitol solution (10 ml per kg BW) and maintained with no food or water for 10 

min before the behavioral assay or 1 hr before immunohistological staining. Mannitol was 

used for long-term consumption assay and Fos immunostaining, and NaCl was used for 
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short-term consumption assay. We did not find significant differences between the 

results obtained with these two solutions.  

Sodium depletion with osmotic thirst: Mice were sodium depleted via furosemide as 

mentioned above. Mice were injected intraperitoneally with 2M mannitol solution (10 mg 

per kg BW) and maintained with no food or water for 10 min before behavioral assay. 

Hunger: Mice were food deprived for 24 hr before the behavior test or immunohistological 

staining.  

Hypovolemic thirst: Mice were injected intraperitoneally with furosemide at a dose of 50 

mg per kg BW and maintained with no food or water for 3 hr before behavior test or 4 hr 

immunohistological staining.  

Visceral malaise: Mice were injected intraperitoneally with 0.15 M LiCl at a dose of 15 ml 

per kg BW and euthanized 1 hr after injection for immunohistological staining.  

Solution preparation 

Tastants: We chose the concentrations of taste/salt solutions based on previous 

literature78,121. In the mammalian taste system, aversive components of high salt and KCl 

share the same taste pathways122. Thus, we supplemented KCl in low-salt solutions to 

increase the aversiveness of salt solution without changing activity of the low-salt specific 

ENaC pathway.  

Capsaicin123: Capsaicin was prepared as 3 mM stock in 30% ethanol. For brief access assay, 

the solution was further diluted to 1 or 0.3 μM with water. Water containing ethanol equal to 

1 μM capsaicin was used for control.  

Behavioral assays 
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All assays were performed in a custom gustometer (Dialog Instruments). All animals 

were at least trained with osmotic thirst and sodium depletion prior to the behavior trials. 

Animals were trained to drink at least 200 licks for 500 mM NaCl in 30 min under sodium 

depletion. Generally, two training sessions with sodium depletion are sufficient to achieve 

this criterion. Animals often show neophobia to a new solution even if it was an attractive 

stimulus. To prevent this, all tastants at lower concentrations were exposed to animals 

before experiment. For tolerance tests, we used one-bottle consumption assay in order to 

avoid preference development during the session. 

For 30-min access assay, mice were presented with 1 bottle for 30 min and consumption 

was measured.  

For 5-sec brief access assay, mice were presented with 1 bottle of solution for 30 sec per 

trial for maximum waiting time before the first lick, and 40 sec between trials. After an 

initial lick, animals were allowed to drink the solution for additional 5 sec before a shutter 

closed. To avoid taste conditioning effect, animals were tested with only one solution per 

day. After testing aversive solutions, bitter and high salt, animals sometimes refused to 

drink any solution. These animals were retrained with water and low salt until their 

behavioral level recovers to our criteria stated above.  

Optogenetic and chemogenetic manipulation 

For optogenetic activation, 473-nm laser-pulse sequences were delivered via an optic cable 

(Doric Lenses, MFP-FC-ZF) with pulse generators (World Precision Instruments, SYS-

A310 or Quantum composers, Sapphire 9200). The laser intensity was maintained at 10 

mW at the tip of the fiber. For 30-min access assay, the light stimulation was given at 20 
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Hz with a 1-sec on 3-sec off paradigm. For 5-sec brief access assay, the light stimulation 

was given at 20 Hz throughout the trial except the paradigm in Figure 3C.  

For chemogenetic experiments, clozapine N-oxide (CNO) was administered 

intraperitoneally at doses of 10 mg per kg BW for inhibition or 1 mg per kg BW for 

activation 20 min before the consumption trial started. Pure water instead of saline was 

used as vehicle to avoid sodium repletion. 

Long term consumption assay 

Liquid consumption level was monitored in the Biodaq system (Research Diets)124. Mice 

were individually housed and acclimated in the cage at least for 24 hr before the data 

collection. We considered that animals were acclimated when they consumed more than 1 

g of water and low salt overnight. Animals were offered only one type of liquid overnight 

and were provided with water during the daytime to replete. 60 mM NaCl, 60 mM NaCl 

with 440 mM KCl, 60 mM NaCl with 40 mM CaCl2, 60 mM NaCl with 40 mM MgCl2, 

500 mM NaCl and water were applied. Data for consumption were analyzed from 6 to 9 

pm. Prolonged measurement with aversive solutions often causes dehydration if animals 

refuse to drink. To avoid internal state transition over time, we measured consumption 

within a limited time window. 

Pain induction 

Acute Pain (foot shock): Animals were acclimatized in the operant conditioning chamber 

for 10 min (MedAssociates). A constant current of 0.25 mA was delivered to the metal grid 

floor. Animals moved freely in the setting. The shock was delivered for a continuous 5-sec 

window followed by a 10-sec rest. Each trial lasted 2 min. For immunohistological 
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staining, mice were euthanized 1 hr after exposure. The light stimulation was given at 

20 Hz with a 1-sec on 3-sec off paradigm. 

Thermal pain (heat shock): A hotplate (Columbus instruments, 93291) was maintained at 

52°C. Animals were placed onto the hotplate and the latency for licking paws was recorded. 

To test the effect of optogenetic stimulation, animals were tested on the hotplate, and re-

tested following stimulations of 15 and 45 min. The light stimulation was given at 20 Hz 

with a 1-sec on 3-sec off paradigm. 

Mechanical threshold (von Frey Test): Mice were habituated on a metal grid floor, and 

were tested with von Frey filaments (Bioseb, BIO-VF-M) in ascending order. Each 

filament was tested 5 times. The withdrawal threshold was determined when the mice 

withdrew the paw for more than 3 times as the filament was applied until bent. To test the 

effect of optogenetic stimulation, mice were tested before stimulation and following a 

stimulation of 60 min. The light stimulation was given at 20 Hz with a 1-sec on 3-sec off 

paradigm. 

Inflammatory pain (formalin test): Mice were injected with 2% formalin (20 μl) in the 

dorsal hindpaw and placed in behavior chamber. Videos were taken for 1 hr following the 

injection and analyzed for the time mice spent licking the dorsal hindpaw. Mice with more 

than 30-sec licking paw time in the first 5 min after injection were used for video analysis. 

Each mouse was subjected to formalin injection twice: in one hind paw under sated 

conditions, and another under either sodium depleted or photostimulated conditions. To 

test the effect of optogenetic stimulation, light stimulation was given at 20 Hz with a 1-sec 

on 3-sec off paradigm for 60 min. For ELISA assay, blood was collected 30 or 90 min after 

formalin injection. 
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Immunohistochemistry  

Mice were euthanized with CO2 and perfused with PBS and 4% paraformaldehyde. 

Extracted mouse brains were fixed overnight at 4 °C in 4% PFA and sectioned coronally 

to 100-μm slides via vibratome (Leica, VT-1000 S). The sections were blocked (10% 

donkey serum, 0.2% Triton X-100 in PBS) for 1 hr at room temperature and incubated with 

primary antibody at 4 °C overnight. The following primary antibodies were used: rabbit 

anti-FOS (1:500), sheep anti-Foxp2 (1:2,000), chicken anti-GFP (1:3,000), rat anti-

mCherry (1:500), and goat anti-nNos (1:500). The sections were washed three times with 

PBS and incubated with the secondary antibody (1:500; Jackson Immunoresearch) and 

DAPI (2 μg/ml) for 4 hr under room temperature. After three times wash with PBS, the 

sections were mounted on the glass slide. All slides were imaged with confocal microscope 

(Leica, TCS SP8) or slide scanner (Olympus, BX61VS).  

Taste nerve recording  

Surgery and recording procedures were performed as described78,125. Briefly, mice were 

anesthetized with pentobarbital (100 mg per kg BW) and placed in a custom-made head-

fixation setup, with body temperature maintained at 37 °C. Tracheotomy was performed. 

The right branch of the chorda tympani nerve was exposed, and recording was performed 

with a high-impedance tungsten electrode hooking the nerve bundle. Tastant stimuli were 

delivered with a pressurized perfusion system (AutoMate Scientific) for 20 sec, with a 40-

sec wash with artificial saliva. The artificial saliva was made with 20x stock and on the day 

of experiment, was diluted with the addition of 6 mM KHCO3 and 6 mM NaHCO3. The 

pH was adjusted to 7.2-7.6. For recording, each mouse underwent two sets of experiments 

in a specific internal state. Two sets of experiments were in a randomized order and each 
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experiment was repeated with 2-3 trials according to the mice condition. For the NaCl 

experiment, 10/30/60/120/250/500 mM NaCl and 4 mM AceK were applied. For multiple 

tastant experiments, the following taste stimuli were used: 60 mM NaCl (salty), 10 mM 

citric acid (sour), 4 mM acesulfame potassium (sweet), 50 mM monopotassium glutamate 

plus 1 mM inosine monophosphate (umami), 500 mM KCl (bitter), and 1 mM quinine 

(bitter). Signals were recorded with Axon Digidata 1550B Low-Noise Data Acquisition 

System, and Grass RPS312 RM Power Supply with P511 AC Amplifier (Natus 

Neurology).  

The data were processed using a custom Matlab code. Briefly, the original data (sampled 

at 10k Hz) were time-binned at 0.1 sec. The recording traces were visualized by processing 

time-binned data with a rolling-median of 3 sec. A 3-sec time window before each stimulus 

served as a baseline. A 30-sec response window was quantified, starting when the signals 

exceeded 3 standard deviations (SD) above baseline. The data were normalized to the 

average of two consecutive 4 mM AceK trials. For photostimulation trials, when the 

tastants washed through, light was delivered at 20 Hz, 10 mW for 30 sec.  

Single cell RNA sequencing 

Tissue processing into single-cell suspensions: For the sodium-depleted condition, 15-20 

mice, 7-8 weeks old, were sodium depleted for 24 hr. For sated condition, 15 sated mice 

were used. The tissue processing procedure was performed as described. Briefly, upon 

isoflurane anaesthesia, the brains were exacted from the mice and kept in ice-cold 

carbogenated NMDG-HEPES-ACSF. Brains were sectioned to 2 mm, SFO was harvested 

into ice-cold NMDG-HEPES-ACSF by peeling the tissue (SFO)  
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microdissection under microscope. After tissue collection, NMDG-HEPES-ACSF was 

replaced with trehalose-HEPES-ACSF containing papain (80 U/ml; pre-activated with 2.5 

mM cysteine and a 30-min incubation at 34 °C with 0.5 mM EDTA) and 15 μM 

actinomycin D. Extracted SFO tissue was incubated at 34 °C with gentle carbogenation for 

60-90 min. The tissue was pipetted periodically every 10 min during this digestion. At the 

end of enzymatic digestion, the medium was replaced with 200 μl of trehalose-HEPES-

ACSF with 3 mg/ml ovomucoid inhibitor 25 U/ml DNase I and 15 μM actinomycin D. The 

SFO tissue was gently triturated with 600, 300 and 150 μm-diameter fire-polished glass 

Pasteur pipettes in less than 10 mins. The tissue was processed into a uniform single-cell 

suspension and the total volume was brought up to 1 ml with trehalose-HEPES-ACSF with 

3 mg/ml ovomucoid inhibitor. The suspension was filtered through a 40-μm cell strainer 

(Falcon, 352340) into a new microcentrifuge tube and was centrifuged with 300 g for 5 

min at 4 °C. The supernatant was discarded, and the cell pellet was resuspended with fresh 

ice-cold resuspension buffer and kept on ice while cell densities were quantified with a 

hemocytometer. The final cell suspension volume estimated to retrieve ~10,000 single-cell 

transcriptomes were added to the 10x Genomics RT reaction mix and loaded to the 10X 

Single Cell G chip (10x Genomics, PN-1000127). The Chromium Single Cell 3′ GEM, 

Library and Gel Bead Kit v3.1 (PN-1000128) and the Single Index Kit T Set A (PN-

1000213) were used. The cDNA and library amplification underwent 11 and 12 cycles 

respectively.  

Sequencing data pre-processing and analysis 

The scRNA-seq sequencing libraries were sequenced on an NovaSeq S4 lane. The 

sequencing reads were mapped to the custom-made pre-mRNA reference transcriptome, 
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and gene-cell matrices were generated via the 10x Genomics Cell Ranger pipeline as 

previously described126. Subsequent gene expression analyses were conducted in R (4.1.2) 

using Seurat (4.0.3) as previously described95,127. Cells were filtered if possessing fewer 

than 1,000 or more than 45,000 unique transcripts, or more than 15% of mitochondrial 

transcripts. Transcriptomic cell types were identified and cell clusters co-expressing two 

or more markers for canonical cell classes were excluded. Both sodium depletion and sated 

conditions included two trials collected from different time points for the consistency of 

the data. Four data sets were merged into a single-gene expression-matrix and canonical 

correlation analysis was applied. This yielded an SFO data set of 7819 neurons (four sets 

merged). Dimensionality reduction was performed with 25 principal components for major 

cell classes and 10 to 13 principal components for neural subtypes. The resolution of 

clustering was 0.8 for all cell classes and 0.6 - 2 for neural subtypes. Canonical correlation 

analysis was performed to adjust the misalignment of transcriptomic neuron types due to 

physiological-state-derived transcriptional changes. We normalized the gene expression 

with identified integration anchors based on the top 200 differentially expressed gene sets 

from the untreated neural data set. For Figure S2B, neuron matrix from sated- and sodium-

depleted states were analyzed together with the previous hypovolemia neuron matrix.  

Spatial transcriptomics  

SeqFISH gene panel design: A custom seqFISH panel was designed to incorporate 

canonical cell-type-marker genes based on our scRNA-seq dataset analysis101. The panel 

contained 192 genes of which 174 were detected using barcoded seqFISH imaging and 18 

were identified serially via single-molecule FISH. The panel was custom ordered by Spatial 

Genomics, Inc. 
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SeqFISH sample collection and preparation: Adult (8-12 weeks old) C57BL/6J male 

mice under sated or sodium depleted states were euthanized (n = 5 mice per state). Each 

brain was dissected, freshly embedded in Tissue-Tek O.C.T. Compound (Sakura, 4583), 

and then flash-frozen in liquid nitrogen. Cryosections of 10-µm thickness containing the 

SFO were cut and mounted onto treated coverslips. Immediately post-collection, sections 

were fixed in fresh 4% paraformaldehyde (Thermo Scientific, 28908) for 15 min at room 

temperature. After rinsing three times in 1X PBS for 5 min each, sections were dehydrated 

using 70% ethanol for 30 sec at room temperature. The sections were air-dried at room 

temperature for approximately 15 min and stored at -80C. SeqFISH experiments were 

performed using the seqFISH+ protocol with some modifications at Spatial Genomics, Inc. 

Briefly, the fixed tissue sections underwent permeabilization in 70% ethanol followed by 

clearing, rinsing, and air-drying steps. The coverslip containing each section was 

assembled into Spatial Genomics custom flow cells. The flow cells were then hybridized 

with the seqFISH primary probe panel and incubated in a humidified chamber at 37 °C for 

24 hr. After hybridization, samples were washed with buffers for subsequent imaging. 

seqFISH imaging via Gene Positioning System: Imaging was performed using the Gene 

Positioning System (GenePS, Spatial Genomics, Inc.), which enables automated image 

acquisition, reagent delivery, and data processing. The SFO was selected as a region of 

interest (ROI) for the experiment based on the brightfield and/or DAPI images. Automated 

experiment execution was initiated post-ROI selection. Each experiment proceeded 

through multiple rounds of decode probe hybridization, imaging, and signal removal until 

all the hybridization rounds were complete. 
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Image processing and analyses: Raw-image files were processed on-instrument to align 

images across multiple hybridization rounds and detect RNA fluorescent signals. The data 

were further analyzed using custom Spatial Genomics analysis software to decode the 

transcript identities and segment cells. Cell segmentation was performed using a machine 

learning algorithm based on the nuclear DAPI stain. The decoded RNA molecules were 

then assigned to individual cells, generating cell-by-gene count matrices and individual cell 

center coordinates for each ROI. For the downstream data analysis, cells that had unique 

gene counts of less than 10 were filtered. The images of the spatial distribution of the major 

cell types in the SFO with cell segmentation boundaries and color-coded cell type identities 

were directly generated by the Spatial Genomics analysis software. The spatial distribution 

of neurons was plotted according to cell center coordinates using Python (3.9.12). 

Individual neuron types were labeled with different colors based on raw transcripts of the 

neuronal subtype marker genes after manual curation. UMAP and violin plots were 

generated using Seurat (4.2.1) in R (4.1.1). 

RNAscope-based multicolour in situ hybridization  

In situ hybridization was performed with the RNAscope Multiplex Fluorescent Assay 

versions 1 or 2 (Advanced Cell Diagnostics, 320850). Fixed-frozen brains from C57BL/6J, 

Ptger3Cre/wt and Ptger3Cre/Cre (equivalent to knockout) were prepared following the 

manufacturer’s protocols. Following probes were applied to the samples: Cre (312281), 

Ptger3 (504481 and 501831), and GFP (409011). The samples were imaged with confocal 

microscopy and visualized via z-stacks. 

Quantification and Statistical Analysis  
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No statistical methods were used to predetermine sample size. The experiments were not 

randomized, and investigators were not blinded to allocation during experiments and 

outcome assessment. Data are presented as means ± SEMs in figures. Wilcoxon test, Mann-

Whitney test, and one- or two-way ANOVA with post hoc tests were applied to decide the 

significance level. Significant threshold was maintained at α = 0.05 (ns p > 0.05, ∗p < 0.05, 

∗∗p < 0.01, ∗∗∗p < 0.001).  
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Figure 1. Independent regulation of appetitive drive and tolerance toward salt.   

(A) Consumption assay under sodium depleted (-Sodium, left), osmotic thirst (Thirst, 

middle), or sated (Sated, right) conditions. Animals were tested with pure water, KCl (500 

mM), low salt (60 mM NaCl), high salt (500 mM NaCl), low salt + 440 mM KCl, low salt 

+ 40 mM CaCl2, and low salt + 40 mM MgCl2, and low salt + 0.25 mM quinine (n = 6-21 

mice).  

(B) A diagram of state-dependent salt tolerance. Sodium-depleted animals accept aversive 

high salt or low salt with additional aversive stimuli. Conversely, sated or thirsty animals 

reject the same solutions. 

(C) A bimodal regulation model of salt consumption under sodium depletion.  

(D) Comparison of pre-LCPdyn-stimulated and sodium-depleted conditions. Left, a scheme 

of acute photostimulation of pre-LCPdyn neurons. Middle and right, Cumulative 

consumption curves of pre-LCPdyn-stimulated (blue) and sodium depleted (red) conditions 

during a 30-min session. Low and high salt (60 and 500 mM NaCl) was accepted by both 

pre-LCPdyn-stimulated and sodium-depleted animals. Only sodium-depleted animals 

tolerated low salt with KCl or quinine but not photostimulated animals (n = 9-15 mice).  

Data are expressed as mean ± SEM, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. 

See also Figure S1 and Table S1.  
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Figure 2. Sodium depletion activates selective excitatory neuron types in the LT. 

(A) Representative images of Fos (red) immunofluorescence signals in the forebrain SFO, 

and hindbrain pre-LC under sodium depletion and sated states. The SFO was 

counterstained by an excitatory marker nNos (blue) while the pre-LC was counterstained 

by Foxp2 (blue). The locations of the SFO and pre-LC are -5.52 and -0.7 mm relative to 

Bregma, respectively.  

(B) Stimulus-to-cell-type scRNA-seq mapping of neurons activated under sodium 

depletion. Left, experimental diagram of scRNA-seq. Right, UMAP embedding of SFO 

neurons. Data from sodium-depleted and sated mice were integrated using CCA alignment 

(sated n = 3380 neurons, sodium depleted n = 4439 neurons). 

(C) UMAP embedding for Fos log-normalized expression (red) in SFO excitatory neurons 

under sated (left) and sodium-depleted conditions (right).  

(D) Identification of Glut1-enriched genes. Log-normalized average gene expression in 

Glut1 cluster was compared to other excitatory neural clusters. Glut1- and Glut2-5- 

enriched genes were shown outside the dotted lines (Table S2). 

(E) UMAP embedding of Ptger3 log-normalized expression demonstrates faithful 

expression of Ptger3 in the Glut1 cluster.  

(F) Violin plots of Fos (red) and Ptger3 (blue) under sated (left) and sodium-depleted 

(right) conditions. Ptger3 is selectively expressed in Glut1 (bottom) and Glut1 was 

specifically activated during sodium depletion in the SFO (top). 

(G) SeqFish analysis of the SFO. Left, spatial distribution of all major cell types in 

representative anterior (top) and posterior (bottom) sections. After segmentation, cells were 

color-coded as indicated. Right, A total of 1,567 cells from five anterior sections and 1,614 
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cells from five posterior sections are quantified. Percentage of individual cell type is 

presented in the pie chart. Exc. Neurons, excitatory neurons; Inh. Neurons, inhibitory 

neurons; LT Astro, LT astrocytes; Astro, astrocytes; LT endo, LT endothelial cells; Endo, 

Endothelial cells; VSMCs, vascular smooth muscle cells; Ependy, Ependymal cells; Oligo, 

oligodendrocytes. 

(H) Spatial distribution of all cells is plotted according to the original cell center 

coordinates. Excitatory neurons are highlighted in colors (red and blue). The Glut1/Ptger3 

cluster (red) is separate from other excitatory neuron clusters (blue). Neurons in gray 

represent excitatory neurons showing gene expression of multiple cluster markers. 

(I) Violin plots showing the log-normalized expression of Fos (red) and Ptger3 (blue) in 

SFO excitatory neurons. Fos expression was found specifically in the Glut1 cluster under 

sodium depletion. 

Scale bar, 100 μm (A), 50 μm (G-H). 

See also Figure S2 and Table S2. 
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Figure 3. SFOPtger3 neurons mediate salt tolerance.  

(A) The genetic structure of the Ptger3Cre mouse line (top). Light and dark blue shades 

indicate UTRs and exons of Ptger3. Cre is inserted into the first exon, resulting in Ptger3 

disruption. In situ hybridization showing co-expression of Ptger3 (green) and Cre:GFP 

(red) expression (bottom); 86% of Ptger3+ cells expressed Cre:GFP and 83% of 

Cre:GFP+ neurons expressed Ptger3 (n = 9 sections from 7 mice).  

(B) Representative Fos immunofluorescence signals (red) under distinct internal states and 

noxious stimulus. SFOPtger3 neurons are labeled green. Activation was highly selective 

under sodium depletion with a minor activation level induced by inflammation. Pie charts 

display the percentage of Fos+/Ptger3+ cells in all Fos+ cells.  

(C) Appetitive-drive test. Photostimulation of SFOPtger3 neurons did not induce salt 

consumption. Left, histological validation of Fos immunofluorescence signals (red) after 

photostimulation of ChR2-expressing SFOPtger3 neurons (green). Middle, the averaged lick 

numbers of water, low (60 mM), medium (250 mM) and high (500 mM) concentrations of 

sodium at 20 Hz stimulation. Right, the averaged lick numbers of high salt with different 

stimulation frequency (n = 4-11 mice).  

(D) High-salt tolerance test. Left, representative raster plots of licking behavior toward 

high salt during a 5-sec session from a sated + photostimulated (black), thirsty (blue), or 

thirsty + photostimulated (red) animal. Right, quantified lick numbers without (blue) or 

with (red) photostimulation across different concentrations of sodium: water, 60 mM, 250 

mM, 500 mM (n = 4-12 mice).  

(E) Aversive-taste-tolerance test. The number of licks without (blue) or with (red) 

photostimulation for low salt supplemented with KCl or quinine (n = 6 mice).  
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(F) LTPtger3 neurons are required for normal salt tolerance. Left, a diagram of 

chemogenetic loss-of-function experiments. Middle, the number of licks for water or high 

salt during a 30-min session with vehicle (grey) or CNO (red) injection under osmotic thirst 

(n = 5-7 mice). Right, the same behavioral analyses under sodium depletion for low salt, 

low salt with KCl, or quinine (n = 7 mice).  

Data are expressed as mean ± SEM, ∗p < 0.05, ∗∗∗p < 0.001. Scale bar, 25 μm (magnified 

images), 50 μm (A), 100 μm (B-C). 

See also Figure S3, Videos S1-2 and Table S1. 
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Figure 4. Parallel and independent activation of fore- and hindbrain circuits under 

sodium depletion  

(A) Two distinct circuit models between fore- and hindbrain neurons related to sodium 

ingestion. Left, a parallel model where sodium depletion independently activates SFOPtger3 

and pre-LCPdyn neurons. Right, a serial-activation model depicting the hierarchical 

relationship between the two neural circuits. 

 (B) Testing pre-LCPdyn → SFOPtger3 projections. AAV-DIO-ChR2-EYFP was transduced 

in pre-LCPdyn neurons. Top, representative images showing axonal projections to the 

ventral bed nucleus of stria terminalis (vBNST) and SFO. Note that the vBNST is a known 

downstream area of pre-LCPdyn neurons. Bottom, similarly, photostimulation-induced Fos 

immunofluorescence signals were observed in the BNST but not SFO. Right, the number 

of Fos+ cells was compared between SFO (red) and pre-LC (grey, n = 4 sections from 4 

mice). 

(C) Testing SFOPtger3 → pre-LCPdyn projections. Top, SFOPtger3 neurons showed no 

projection to the pre-LC when compared to the MnPO, a known downstream target of the 

SFO. Bottom, no activation was found in pre-LCPdyn neurons after photostimulating 

SFOPtger3 neurons. Right, the number of Fos+ cells by photostimulation (n = 4-6 sections 

from 3 mice). 

(D) Activation of SFOPtger3 neurons under sodium depletion did not rely on functioning 

pre-LCPdyn neurons. AAV-FLEX-taCasp3-TEVP was injected into the pre-LC bilaterally in 

PdynCre or wild-type mice. Middle, representative images of sodium-depletion-induced Fos 

in the SFO and pre-LC. Right, the numbers of Fos+ cells in the SFO and pre-LC were 
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quantified in transgenic (Cre, red, n = 4-6 sections from 3 mice) and wild-type mice 

(WT, grey, n = 5-8 sections from 4 mice). 

(E) Pre-LC activation with ablated LTPtger3 neurons. AAV-FLEX-taCasp3-TEVP was 

injected to the SFO and OVLT in Ptger3Cre/wt or wild-type mice. Middle, representative 

images of sodium-depletion-induced Fos. Right, quantified Fos+ cells in the SFO and pre-

LC. Ablation of LTPtger3 neurons had no effect on the pre-LC activity (red, n = 4 sections 

from 2 mice; grey, n = 4 sections from 3 mice for SFO, and red, 4 sections from 2 mice 

and 5 sections from 3 mice for pre-LC). 

Data are shown as mean ± SEM, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Scale bar, 100 μm. 

See also Table S1. 
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Figure 5. Selective modulation of aversive taste saliency by SFOPtger3 neurons 

(A) Dose-dependent behavioral aversion toward bitter tastes. Left, the number of licks was 

quantified for water, 0.125, and 0.25 mM quinine under osmotic thirst conditions in the 

absence (black) or presence (red) of photostimulation to SFOPtger3 neurons. Right, 

preference changes are shown as a ratio by calculating the lick numbers with 

photostimulation divided by those without photostimulation (n = 5-8 mice). Lick number 

of water was reanalyzed from Figure 3D. 

(B) Similar analyses as (A) using sour taste. Water, 10, and 20 mM citric acid were used 

to quantify taste preference (n = 8-11 mice). Lick number of water was reanalyzed from 

Figure 3D. 

(C) Acute stimulation of SFOPtger3 neurons did not change preference toward attractive 

tastant under food deprivation. Average lick numbers for water, 0.5, 1, and 2 mM AceK 

are shown without (black) or with (red) photostimulation (n= 4-7 mice). 

(D) Dose-dependent behavioral aversion toward capsaicin, a non-taste oral aversive 

compound.  0, 0.3, and 1 μM capsaicin were used to calculate avoidance curve (n = 4-5 

mice). 

(E) Saliency modulation by SFOPtger3 neurons was specific toward aversive stimuli through 

the taste system. The effect was not generalized to non-oral aversive stimuli. 

(F) Stimulation of Ptger3 neurons alleviate aversive taste response under hunger. Shown 

are raster plots from representative food-deprived mice to sweet (2 mM AceK), sweet with 

bitter (2 mM AceK with 0.125 mM quinine), and the same mixture with photostimulation. 

With the photostimulation of SFOPtger3 neurons, the bitter taste was tolerated.  
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(G) The effect of photostimulation of SFOPtger3 neurons on glucose (500 mM), AceK (2 

mM) and monopotassium glutamate + inosine monophosphate (30 mM + 0.6 mM) supplemented 

with bitter. The average lick numbers toward pure attractive tastants (blue), mixture with 

0.125 mM quinine (grey), and together with photostimulation (red) are shown (n = 7-10 

mice). 

Data are shown as mean ± SEM, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. 

See also Figure S4 and Table S1. 
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Figure S1. Salt tolerance is enhanced under sodium depletion but not under thirst or 

pre-LCPdyn-induced appetite, related to Figure 1.  

(A) A diagram of appetitive and aversive salt taste pathways. Low concentrations of salt only 

activate the appetitive ENaC pathway, and animals exhibit a behavioral attraction. Higher 

concentrations of salt recruit additional aversive taste pathways (bitter and sour), driving 

strong behavioral aversion despite the activation of appetitive ENaC pathway.  

(B-C) Cumulative consumption curves under osmotic thirst and sodium-depleted conditions 

from the data in Figure 1A.  

(D) The total lick numbers were quantified from the data in Figure 1D. Unstimulated 

control data (grey) were shown together.   

(E) Left, Comparison of low- and high-salt consumption in pre-LCPdyn-stimulated animals 

(blue) and sodium-depleted animals (red). Right, consumption ratio between low salt and 

high salt. pre-LCPdyn-stimulated animals preferred low salt while sodium-depleted animals 

consumed significantly more high salt (n = 12-15 mice). The data were reanalyzed from 

Figure 1D.  

(F) Sodium-selective, behavioral attraction is mediated by pre-LCPdyn neurons. The number 

of licks toward high salt (500 mM NaCl) was quantified during pre-LCPdyn 

photostimulation with or without 30 mM amiloride. High salt consumption induced by pre-

LCPdyn neurons was ENaC dependent (n = 5-6 mice).  

Data are expressed as mean ± SEM, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. See also Table 

S1. 
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Figure S2. Neural activation of SFO and OVLT under sodium depletion and 

hypovolemia, related to Figure 2. 

(A) Representative images of OVLT activation in sated (top) and sodium-depleted (bottom) 

conditions. The OVLT was visualized with nNos (blue) and Fos (red) activation was 

compared between conditions.  

(B) Violin plots of Fos (red) and Ptger3 (blue) in the SFO under hypovolemia conditions. 

Ptger3-expressed neurons were a partial population active in hypovolemia.  

(C) Representative Fos immunofluorescence signals (red) under hypovolemia in the SFO. 

Ptger3 neurons are labeled in green.  

(D) Spatial distribution of all cells according to the original cell center coordinates. Individual 

excitatory neuron types are highlighted in colors (as indicated).  

Scale bar, 25 μm (C, magnified images), 100 μm (A, C, and D). See also Table S1. 
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Figure S3. Functional characterization of SFOPtger3 neurons, related to Figure 3. 

(A) Characterization of Ptger3Cre transgenic line in the whole brain. Shown are representative 

GFP signals from a Ptger3Cre/wt animal. Strong GFP signals were found in the SFO, island of 

Calleja major (ICjM), preoptic area (POA), paraventricular thalamus (PVT), cortex, 

periaqueductal gray (PAG), and raphe pallidus (RPa).  

(B) Quantified Fos+ cells in the SFO that overlapped with Ptger3-GFP signals. Shown are 

the ratio of activated Ptger3+ neurons divided by total Fos+ cells (n = 2-6 sections from 2-5 

mice). 

(C) Representative images of Ptger3-Cre:GFP (green) overlap with AAV-DIO-ChR2-

mCherry (red). 88% of mCherry+ neurons expressed Ptger3-Cre:GFP, and 72% of 

Cre:GFP+ neurons were mCherry+ (n = 7 sections from 6 mice). 

(D) Relationship between virus expression level and salt tolerance. The number of ChR2+ 

neurons per section and lick numbers toward high salt are shown for individual animals 

tested. Note that salt tolerance and the number of ChR2+ neurons have a high correlation 

coefficient (n = 16 mice). 

(E) Control experiments for ChR2 photostimulation using mCherry (n = 5 mice).  

(F) Amiloride did not affect salt tolerance induced by SFOPtger3. Unlike pre-LCPdyn neurons, 

SFOPtger3 -induced tolerance is independent of the ENaC pathway (n = 5 mice).  

(G) Sodium-depletion-induced tolerance in thirsty mice. Mice were subjected to osmotic 

thirst (grey) and osmotic thirst + sodium depletion (red), and the number of licks toward 

250 and 500 mM NaCl were quantified (n = 6-12 mice). The thirst data for 250 mM NaCl 

included the data from Figure 3D.   
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(H) A representative image of Ptger3 (green) and Fos (red) immunofluorescence signals 

in the OVLT.  

(I) LTPtger3 neurons are required for normal salt tolerance under hypovolemia. The number 

of licks toward 500 mM NaCl during a 30-min trial with vehicle (grey) or CNO (red) 

injection under hypovolemia (n = 6 mice). 

(J) SFOPtger3 neurons are required for normal salt tolerance. Left, a diagram of 

chemogenetic loss-of-function experiments. AAV-DIO-hM4Di was injected into the SFO. 

Right, the number of licks for low salt, low salt with KCl or quinine was quantified during 

a 30-min session under sodium depletion. Before behavioral experiments, animals received 

intraperitoneal injection of either vehicle (grey) or CNO (red) (n = 6 mice).  

Data are expressed as mean ± SEM, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Scale bar, 500 μm 

(A), 100 μm (C and H). See also Table S1. 
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Figure S4. Specificity of sensory modulation by SFOPtger3 neurons, related to Figure 

5. 

(A) Trpm5-/- animals that lack bitter, sweet, and umami tastes showed elevated tolerance 

toward aversive tastes. Left, consumption of water and 60 mM NaCl during a 30-min session 

under osmotic thirst in wild-type (grey) and Trpm5-/- mice (red, n = 3-14). Right, 

consumption of 500 mM NaCl, 60 mM NaCl with 440 mM KCl, and 60 mM NaCl with 0.25 

mM quinine during a 30-min session under osmotic thirst in wild-type (grey) and Trmp5-/- 

mice (red) (n = 3-14). For wild-type control, the data were reanalyzed from Figure 1A.  

(B) Stimulation of pre-LCPdyn neurons did not affect behavioral aversion toward bitter tastes. 

The number of licks was quantified for water, 0.125 and 0.25 mM quinine under osmotic 

thirst conditions in the absence (black) or presence (red) of photostimulation to pre-LCPdyn 

neurons (n = 4-6 mice). 

(C) Learned taste aversion was not alleviated by the activity of SFOPtger3 neurons. Left, a 

conditioned-taste-avoidance paradigm toward AceK (2 mM) by LiCl injection. Right, 

consumption of AceK before (grey) and after (-stim, blue; +stim, red) conditioning (n = 6).  

 (D-E) Various aversive stimuli were presented to animals under sated, sodium-depleted, 

and SFOPtger3-stimulated conditions. Animals were subjected to noxious heat on a hot plate 

(D), and von Frey test (E). Neither sodium depletion nor SFOPtger3-stimulation blunted 

general aversive or tactile responses (n = 4-12 mice).  

(F) Acute and inflammatory pain test. Left, a histogram showing the time spent paw-licking 

after formalin injection plotted in 5-min bins in sated and sodium-depleted conditions. 

Right, a cumulative time of paw-licking during the acute pain period (0-5 min after 

formalin injection) and the inflammatory pain period (15-45 min after formalin injection). 
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The data were compared between sated (grey) and sodium-depleted (red) groups (n = 4 

mice). 

(G) Photostimulation of SFOPtger3 neurons had no effects on pain responses. Left, a 

histogram showing the time spent paw-licking after formalin injection without (grey) or 

with (red) photostimulation. Right, quantified cumulative time of paw-licking (n = 4 mice). 

Data are expressed as mean ± SEM, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Scale bar, 100 μm. 

See also Table S1. 
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Figure S5. Bimodal modulations of attractive and aversive taste signals by the 

brain, related to Discussion.  

(A) A diagram of bimodal salt taste modulation. Low salt through the ENaC pathway and 

aversive high salt through bitter/sour pathways are modulated by two separate interoceptive 

circuits in the forebrain (SFO) and hindbrain (pre-LC) circuits. These circuits sense internal 

sodium balance and trigger bimodal modulation signals that affect the hedonic value of salt 

in a concentration- and internal-state-dependent manner.   

(B-C) B. Representative taste responses from chorda tympani nerve under distinct internal 

states. C. 10, 30, 60, 120, 250, and 500 mM NaCl were applied to the tongue, and integrated 

nerve responses were quantified for each concentration (n = 5 mice). 

(D) Taste nerve recording with SFOPtger3 photostimulation. Left, a diagram of chorda 

tympani nerve recording combined with optogenetics. Right, quantification of normalized 

responses to NaCl without (black), or with photostimulation (red) state (n = 3 mice). ChR2 

expression was validated by immunohistology and behavioral tolerance induction.  

(E) AAV-DIO-ChR2-EYFP was injected into SFOPtger3 and the downstream projections 

were visualized. Strong projections were found in the following brain areas: MnPO, 

vBNST, paraventricular nucleus of the thalamus (PVT), paraventricular nucleus of the 

hypothalamus (PVN), and dorsomedial hypothalamus (DMH).  

Scale bar, 100 μm. 
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Videos S1. SFOPtger3 induced salt tolerance, related to Figure 3.  

Representative drinking behavior toward high salt under osmotic thirst with 

photostimulation of SFOPtger3 neurons.  

Videos S2. Control experiment for Video S1 without light, related to Figure 3.  

Representative drinking behavior toward high salt under osmotic thirst without 

photostimulation of SFOPtger3 neurons.  
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C h a p t e r  3  

PROSTAGLANDIN IN TASTE VALENCE AND SALT IMBALANCE 

3.1 Ptger3 is necessary in sodium depletion induced taste valence change 

Ptger3 is a receptor for prostaglandins (mainly PGE2), and is involved in various 

physiological responses128–131. Since Ptger3 is a dominant PGE2 receptor subtype expressed 

in the SFO (Figure S1A), we speculated that PGE2-Ptger3 signaling may be involved in salt 

taste modulation and ingestion. To test this hypothesis, we examined the role of Ptger3 using 

a global receptor knockout animal model, Ptger3-/- (or Ptger3Cre/Cre Figures 1A-C) and local 

Ptger3 knockdown in the SFO (Ptger3 KD, Figures 1D-F). Ptger3-/- mice were obtained as 

homozygous Ptger3Cre/Cre animals due to premature gene disruption. Deletion of Ptger3 

expression was confirmed by in situ hybridization in both cases (Figures 1A and 1D). 

Compared to control animals, Ptger3Cre/Cre and Ptger3 KD significantly reduced Fos 

immunofluorescence signals under sodium depletion (Figures 1B and 1E, SFO), whereas 

neural activation in the pre-LC was unchanged (Figures 1B and 1E, pre-LC). To test the 

behavioral consequences, we examined salt preference in Ptger3Cre/Cre and Ptger3 KD mice. 

Consistent with histological results, animals lacking Ptger3 no longer tolerated aversive 

stimuli including high salt, KCl, and quinine (Figure 1C, Figure 1F and Figure S1B). While 

Ptger3 is required for salt tolerance, Ptger3 KD in the background of Trpm5-/- did not abolish 

salt tolerance (Figure S1C), indicating that behavioral tolerance through Ptger3 requires 

intact taste signals. Collectively, these data demonstrate that the function of Ptger3 is required 
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for activation of SFOPtger3 neurons and normal salt tolerance under sodium-depleted 

conditions.  

 

3.2 PGE2 is necessary in sodium depletion induced taste valence change 

We next asked whether PGE2 plays a role in salt taste modulation and tolerance. Considering 

that SFOPtger3 neurons are activated under sodium depletion and inflammation, we tested if 

sodium depletion elevates PGE2 levels. Our ELISA measurement confirmed that circulating 

PGE2 is significantly increased under sodium depletion, but we did not observe such 

elevation for other inflammation-related molecules such as progesterone or serotonin (Figure 

2A and Figure S2A). We synthesized PGE2 conjugated with a small fluorescent dye (PGE2-

AMCA) to test whether peripheral PGE2 have access to the SFO. Our acute SFO preparation 

confirmed that fluorescent levels of PGE2-AMCA increased selectively in the SFO within 5 

min of peripheral injection (Figure 2B). This rapid PGE2 penetration is presumably due to 

the lack of the normal blood brain barrier in the SFO. Moreover, photometry recording from 

SFOPtger3 neurons that express GCaMP7s (AAV-Flex-GCaMP7s) demonstrated time-locked 

calcium increases by peripheral PGE2 injections (Figure 2C). These calcium responses were 

not observed under osmotic thirst, hunger, or visceral malaise (Figure S2B). Consistently, 

we found strong Fos immunofluorescence signals in the SFO by peripheral PGE2 injection 

in a Ptger3-dependent fashion (Figures S2C-D).    

To directly test tolerance regulation, we examined the effects of PGE2 injection on taste 

preference. Indeed, like SFOPtger3 neuron stimulation, PGE2-injected wild-type or Ptger3Cre/wt 

animals exhibited increased salt tolerance under osmotic thirst (Figure 2D and Figures S2E) 
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and food-deprived conditions (Figure S2F), but PGE2 itself did not induce any appetite 

under sated conditions. Importantly, PGE2-mediated tolerance was largely abolished in 

Ptger3Cre/Cre animals and Ptger3 KD animals, showing that PGE2-induced high-salt 

tolerance is mediated through Ptger3 (Figures 2D-E and Figures S2G-H). Furthermore, we 

tested whether prostaglandin production is required for the induced salt tolerance using anti-

inflammatory drugs (NSAIDs: ibuprofen and aspirin), a commonly used method to reduce 

prostaglandin production132–134. We found that NSAID treatments significantly reduced salt 

tolerance under sodium depletion (Figure 2F). Conversely, formalin-induced inflammation 

increased the PGE2 levels (Figure 2A) and partially induced high salt tolerance (Figure S2I).  

While these studies highlighted the contribution of the PGE2-Ptger3 axis to salt taste 

modulation, Ptger3 is also activated by other prostaglandin-related molecules135. It is feasible 

that these molecules may play additional roles in sensory modulation under physiological 

conditions. 

Ingestive behavior is intimately linked to the activity of reward circuits136–139. We tested 

whether sodium depletion and SFOPtger3 neuron activity alter the activity of dopamine release 

in the nucleus accumbens (NAc) using genetically encoded biosensor, dLight140,141. We 

injected AAV-syn-dLight1.3b and an optic fiber into the Nac for real-time optical imaging 

of dopamine release. We found that dLight signals rapidly increased when sodium-depleted 

animals consumed high salt while the same animals under osmotic thirst exhibited minimal 

activation (Figure 2G). After subcutaneous PGE2 injection, thirsty mice showed increased 

high-salt consumption and enhanced dopamine release (Figure 2G). To test if this effect is 

recapitulated by the stimulation of SFOPtger3 neurons, we expressed an activation DREADD, 
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hM3Dq, into SFOPtger3 neurons. We then tested dLight signals from the Nac while 

activating SFOPtger3 neurons by CNO. Compared to vehicle-injected control animals, 

dopamine signals in the Nac were greatly enhanced during high-salt ingestion only when 

SFOPtger3 neurons are chemogenetically activated (Figure 2H). These results further extend 

our results by showing that the perceived quality of high salt is altered in the presence of salt 

tolerance signals from the SFO.  

 

3.3 Discussion 

Brain interoceptive circuits monitor internal states through various molecules. Angiotensin 

and aldosterone are well-characterized molecules that regulate water and sodium ingestion. 

This study identified PGE2 as an additional candidate molecular mediator underlying salt 

tolerance. However, the origin and pathway of PGE2 production awaits further studies. 

Moreover, since Ptger3 is activated by various ligands besides PGE2142, other molecules may 

also be involved in salt taste modulation. Brain-derived PGE2 is known to regulate core body 

temperature143,144, while peripheral-derived PGE2 modulates sensory sensitivity, including 

nociception145–147. Since sodium depletion has no obvious thermoregulatory effects148, we 

speculate that the source of PGE2 is from peripheral organs such as the kidney149–151, which 

leads to activation of SFOPtger3 neurons through Ptger3. Future research will be required to 

clarify if PGE2 is the only molecule that regulates salt tolerance, and whether other brain 

areas contribute to this sensory modulation process. 

 

3.4 Limitations of the study 
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The effects of PGE2 on salt ingestion were analyzed using homozygous Ptger3Cre/Cre mice, 

where Cre:GFP-polyA was inserted right before the initiation codon of Ptger3. Although this 

transgene insertion should prevent Ptger3 expression, there may be low levels of residual 

expression of the downstream reading frame. Ptger3 binds various ligands other than PGE2, 

and we cannot exclude the contribution of other molecules to salt taste modulation in vivo. 

Further studies are needed to test if other Ptger3 ligands are involved in salt ingestion. PGE2 

is produced both in the brain and body. While our study used formalin injection as an 

inflammation model, our data do not directly show that PGE2 released during sodium 

depletion endogenously stimulates Ptger3 to suppress aversion. Thus, a more thorough 

investigation will be required to test the function of PGE2 from different sources during 

sodium depletion. GCaMP7s fluorescence is a proxy for neuronal firing, and in vivo voltage 

recordings during salt depletion or inflammation will be important to reveal the activation 

patterns of SFOPtger3 neurons. 
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3.6 Method 

Animals  

All procedures followed the US NIH guidance for the care and use of laboratory animals 

and were approved by the California Institute of Technology Institutional Animal Care and 

Use Committee (protocol: 1694–14). Male and Female mice at least 8 weeks were used for 

behavioral tests and histology characterization. No sex difference is observed in this study. 

For scRNA-seq experiments, 7-8-week-old C57BL/6J mice were used. C57BL/6J were 

purchased (000664) from the Jackson Laboratory. PdynCre mice were a gift from B. Lowell 

and M. Krashes (Jackson lab, 027958). Heterozygous PdynCre mice were used for all 

experiments. Trpm5-/- mice were generously provided by C. Zuker (Jackson lab, 013068). 

Mice were housed in temperature-controlled and humidity-controlled rooms with a 13:11 

hr light:dark cycle. Mice are provided with ad libitum access to chow and water unless 

mentioned in the nutrient deprivation experiments.  

Generation of the Ptger3Cre mouse line  



 

 

65 

Ptger3Cre animals were generated by inserting mnCre:GFP cassette just 5’ of the 

initiation codon of Ptger3 gene and deleting the first 40 amino acids. The cassette had a 

Myc-tag and nuclear localization signals at the N-terminus. The targeting construct was 

electroporated into G4 ES cells (C57Bl/6 × 129 Sv hybrid) and correct targeting was 

identified by Southern blot. The frt-flanked SV-Neo gene was removed via breeding with 

Gt(Rosa)26Sor-FLP recombinase mice and then backcrossing to C57BL/6J mice for >6 

generations. Homozygous Ptger3Cre/Cre mice are equivalent to Ptger3-/- because of the 

amino acid deletion.  

Viral constructs  

We used the following viruses: AAV9-syn-dLight1.3b, 2.6 × 1013 viral genomes per ml. 

AAV1-syn-FLEX-jGCaMP7s-WPRE, 1.9 x 1013 viral genomes per ml. AAV9-GFP-U6-

scrmb-shRNA, 3 × 1013 viral genomes per ml. AAV9-GFP-U6-m-Ptger3-shRNA (shAAV-

269740), 1.5 × 1013 viral genomes per ml. 

Surgery 

Surgery procedures were performed as described90. Briefly, ketamine (1 mg/ml) and 

xylazine (10 mg/ml) in saline were injected intraperitoneally at a dose of 10 ml per kg body 

weight (BW) for anaesthesia.  Ketoprofen was injected subcutaneously at a dose of 5 ml 

per kg BW. Surgery was performed with a stereotaxic apparatus (Narishige, SR-5M-HT) 

on a heating pad at 37 °C. Virus was delivered with a microprocessor-controlled injection 

system (World Precision Instruments, Nanolitre 2000) at 100 nl/min. The following 

coordinates were used: for pre-LC: anterior–posterior (AP), 9,000, medial–lateral (ML), 

1,000, ventral–dorsal (VD), 3,800; for SFO: AP, 4,000, ML, 0, VD, 2,500; for OVLT: AP, 

2,475, ML, 0, VD, 4,750; for dorsal part of the NAc medial shell: AP, 2,100, ML, 700, 



 

 

66 

VD, 4,000For fiber photometry experiments, virus was delivered at a volume of 150-200 

nl (calcium measurement) or 500 nl (dopamine measurement) per region. A 400-µm fiber 

bundle (Thorlabs, FT400UMT) was used instead. For local knockdown experiments, virus 

was delivered at 150-200 nl per region. At the end of experiments, all animals were 

euthanized for histological examination. 

Internal state induction 

Sodium depletion: Mice were injected intraperitoneally with furosemide at a dose of 50 mg 

per kg BW and maintained with a low-sodium diet for 24 hr before behavioral assays or 

immunohistological staining120.  

Sodium repletion: Mice were injected intraperitoneally with furosemide at a dose of 50 mg 

per kg BW 24 hr before the experiment and maintained on a normal diet. 

Osmotic thirst: Mice were injected intraperitoneally with either 2 M NaCl (5 ml per kg 

BW) or mannitol solution (10 ml per kg BW) and maintained with no food or water for 10 

min before the behavioral assay or 1 hr before immunohistological staining. Mannitol was 

used for long-term consumption assay and Fos immunostaining, and NaCl was used for 

short-term consumption assay. We did not find significant differences between the results 

obtained with these two solutions.  

Hunger: Mice were food deprived for 24 hr before the behavior test or immunohistological 

staining.  

PGE2-induced behavior: PGE2 was injected subcutaneously at a dose of 1 mg per kg BW. 

Animals had no food or water for 15-90 min before behavioral experiments. For 

immunohistochemistry, PGE2 was injected at a dose of 3 mg per kg BW and maintained 

with no food or water for 60 min before euthanasia. 
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Prostaglandin: PGE2 powder was diluted in DMSO at 50 mg/ml as stock. For behavioral 

assay, we used the final concentration of 1 mg per kg BW in PBS containing 1.7% DMSO 

(v/v). The same vehicle with DMSO was used as control.  

Behavioral assays 

All assays were performed in a custom gustometer (Dialog Instruments). All animals were 

at least trained with osmotic thirst and sodium depletion prior to the behavior trials. 

Animals were trained to drink at least 200 licks for 500 mM NaCl in 30 min under sodium 

depletion. Generally, two training sessions with sodium depletion are sufficient to achieve 

this criterion. Animals often show neophobia to a new solution even if it was an attractive 

stimulus. To prevent this, all tastants at lower concentrations were exposed to animals 

before experiment. For tolerance tests, we used one-bottle consumption assay in order to 

avoid preference development during the session. 

For 30-min access assay, mice were presented with 1 bottle for 30 min and consumption 

was measured.  

For 5-sec brief access assay, mice were presented with 1 bottle of solution for 30 sec per 

trial for maximum waiting time before the first lick, and 40 sec between trials. After an 

initial lick, animals were allowed to drink the solution for additional 5 sec before a shutter 

closed. To avoid taste conditioning effect, animals were tested with only one solution per 

day. After testing aversive solutions, bitter and high salt, animals sometimes refused to 

drink any solution. These animals were retrained with water and low salt until their 

behavioral level recovers to our criteria stated above.  

Taste aversion 
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Animals accessed 2 mM AceK in the gustometer after 24 hr food deprivation. Within 5 

min after the trials finished, animals were given 0.15 M LiCl intraperitoneally, at a dose of 

15 ml per kg BW. After one day rest, animals were food deprived again for 24 hr, and 

exposed to 2mM AceK in the gustometer. Photostimulation was given alternatively in 10 

trials. Lick number was quantified respectively for the light stimulation on and off sessions.  

Inflammation and consumption 

Formalin-induced tolerance: Mice were injected with formalin or PBS in the dorsal 

hindpaw 45-60 min prior to the lick access. Osmotic thirst was induced 10-15 min prior to 

the lick access. Lick number was recorded for 30 min.  

NSAIDs-induced loss-of-tolerance: NSAIDs were used to suppress PGE2 production152,153. 

Mice were given water supplemented with ibuprofen (1 mg per ml) for three days. On the 

second day, mice were injected with furosemide to induce sodium depletion. On the third 

day, aspirin (40 mg per kg BW) was injected intraperitoneally 1-2 hr prior to the lick access. 

Lick number was recorded for 30 min.  

Fiber photometry 

Calcium measurement from SFOPtger3 neurons: Mice were headfixed to eliminate the 

interference from movement. Photometry recording was performed using a commercial 

photometry system (Neurophotometrics, FP3002). Two LED of different wavelength 

(470nm and 415nm) were bandpass filtered and a patch cord (0.48NA, Doric lenses) was 

attached to the photometry system via a 20x objective. The sampling rate was fixed at 

40Hz. Data were acquired with Bonsai (Neurophotometrics) by drawing a region of interest 

and calculating the mean pixel value, and then were exported to MATLAB for further 

analysis. The isosbestic signal (415 nm) was fit with a biexponential model and was then 
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linearly scaled to the calcium signal (470 nm). The ΔF/F was calculated as (raw 470-nm 

signal – fitted 415-nm signal)/ (fitted 415-nm signal). For all sessions, stimulus time was 

recorded through a customized TTL button. During PGE2 activation experiment (Figure 

7C), mice were given PGE2 at a dose of 1 mg per kg BW or DMSO in 100 μl PBS 

subcutaneously. During other internal-state treatments, mice were exposed to the following 

stimuli via intraperitoneal injection: 2M mannitol (10 ml per kg BW); 10 μg of ghrelin (in 

100 μl PBS), and 0.15M LiCl (15 ml per kg BW). All analysis used the average of 5 min 

prior to the stimulus as a baseline mean. Normalized ΔF/F was calculated by subtracting 

the baseline ΔF/F from the mean ΔF/F between 100 and 1500 sec after the stimulus.  

Dopamine measurement: Mice were freely moving in the chamber with gustometer. Bulk 

fluorescence signals were collected with a fiber photometry setting as described139 with the 

light of 405 nm and 490 nm. The ΔF/F was calculated as (raw 490-nm signal – fitted 405-

nm signal)/ (fitted 405-nm signal). Mice were induced with osmotic thirst 10-15 min, or 

sodium depletion 24 hr before the access of 500 mM NaCl. For wild-type mice, under 

PGE2 activation condition, mice were injected PGE2 at a dose of 1 mg per kg BW 

subcutaneously 1 hr before the shutter open. For Ptger3Cre mice, mice were injected with 

either CNO or vehicle 20 min before the shutter opened. Lick number was recorded 

simultaneously with the fluorescence signal collection. The first lick bout was identified 

with the lick rate more than 3.5 and lick number more than 5, with less than 1-sec interval 

to the subsequent lick. If no lick bout was detectable (observed with osmotic thirst), any 

first lick event was included into the data. All baseline signals were calculated by averaging 

signals between 10-20 sec prior to the first lick. Response amplitude (normalized ΔF/F) 
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was calculated by subtracting the baseline ΔF/F from the mean ΔF/F between 0 and 10 

sec after the lick initiated. 

PGE2-AMCA dye infusion   

PGE2 was conjugated to AMCA as a synthesized dye. Mice were anaesthetized with 

ketamine (1 mg/ml) and xylazine (10 mg/ml) at a dose of 10 ml per kg BW. Mice were 

administrated with the dye or vehicle via tail vein at a dose of 1 mg per kg BW. Five 

minutes post-injection, fresh brain was extracted, and SFO was dissected under a 

microscope, Several drops of PBS was added onto the slice to prevent tissue dryness. Slices 

were imaged under LSM 880 with Fast Airyscan using 20x z-stack (Airyscan SR Mode, 

detector-1.25 AU). SFO was identifiable between two paralleled blood vessels. For 

analysis in ImageJ, the image was rotated to an angle that the two blood vessels were 

vertical. Fluorescence was extraced by an arbitrary horizontal line at the dorsal side. The 

ΔF/F was calculated as (fluorescence from 100-µm in SFO – average of fluorescence from 

dorsal and ventral 100-µm outside of SFO) / (average of fluorescence from dorsal and 

ventral 100-µm outside of SFO). 

Immunohistochemistry  

Mice were euthanized with CO2 and perfused with PBS and 4% paraformaldehyde. 

Extracted mouse brains were fixed overnight at 4 °C in 4% PFA and sectioned coronally 

to 100-μm slides via vibratome (Leica, VT-1000 S). The sections were blocked (10% 

donkey serum, 0.2% Triton X-100 in PBS) for 1 hr at room temperature and incubated with 

primary antibody at 4 °C overnight. The following primary antibodies were used: rabbit 

anti-FOS (1:500), sheep anti-Foxp2 (1:2,000), chicken anti-GFP (1:3,000), rat anti-

mCherry (1:500), and goat anti-nNos (1:500). The sections were washed three times with 
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PBS and incubated with the secondary antibody (1:500; Jackson Immunoresearch) and 

DAPI (2 μg/ml) for 4 hr under room temperature. After three times wash with PBS, the 

sections were mounted on the glass slide. All slides were imaged with confocal microscope 

(Leica, TCS SP8) or slide scanner (Olympus, BX61VS).  

Plasma PGE2, progesterone, and serotonin concentration measurement  

Mice were anaesthetized with isoflurane. Blood was collected via heart puncture into 

EDTA-coated tubes (BD Microtainer, 365974) and kept on ice. Plasma was then separated 

by centrifugation at 1,500 g for 20 min. ELISA assays were performed following the 

protocols of PGE2 ELISA kit (Cayman Chemical, 514531), serotonin ELISA kit (Eagle 

Bio, SER39-K01), and progesterone ELISA kit (Cayman Chemical, 582601).  

RNAscope-based multicolour in situ hybridization  

In situ hybridization was performed with the RNAscope Multiplex Fluorescent Assay 

versions 1 or 2 (Advanced Cell Diagnostics, 320850). Fixed-frozen brains from C57BL/6J, 

Ptger3Cre/wt and Ptger3Cre/Cre (equivalent to knockout) were prepared following the 

manufacturer’s protocols. Following probes were applied to the samples: Ptger3 (504481 

and 501831), GFP (409011), and Pdyn (318771). The samples were imaged with confocal 

microscopy and visualized via z-stacks. 

Quantification and Statistical Analysis  

No statistical methods were used to predetermine sample size. The experiments were not 

randomized, and investigators were not blinded to allocation during experiments and 

outcome assessment. Data are presented as means ± SEMs in figures. Wilcoxon test, Mann-

Whitney test, and one- or two-way ANOVA with post hoc tests were applied to decide the 
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significance level. Significant threshold was maintained at α = 0.05 (ns p > 0.05, ∗p < 

0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).  
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Figure 1. Ptger3 in the SFO is required for salt tolerance. 

(A) Fluorescence in situ hybridization validates the lack of Ptger3 transcripts in the SFO 

in homozygous Ptger3Cre/Cre (Ptger3-/-) animals compared to heterozygous Ptger3Cre/wt 

(Ptger3+/-) animals. 89% of Ptger3 signals were abolished in Ptger3Cre/Cre mice (n = 4 

sections from 3 mice) compared to Ptger3Cre/wt mice (n = 5 sections from 3 mice).  

(B) Left, Representative images of the SFO and pre-LC under sodium depletion in 

Ptger3Cre/wt (grey) and Ptger3Cre/Cre (red) animals. Sodium depletion activated the SFO in 

a Ptger3-dependent manner but Fos immunofluorescence signals in pre-LC were 

unaffected. Right, quantification of the cell activation (grey, n = 4 sections from 4 mice; 

red, n = 5 sections from 5 mice for SFO, and grey, n = 7 sections from 4 mice; red, n = 6 

sections from 3 mice for pre-LC).  

(C) Aversion tolerance is abolished in Ptger3Cre/Cre mice. Left, the number of licks toward 

water, low salt (60 mM NaCl), high salt (500 mM NaCl), and low salt with KCl or quinine 

in Ptger3Cre/wt (grey) and Ptger3Cre/Cre (red) mice under sodium depletion (n = 4-10 mice).  

(D) Fluorescence in situ hybridization validates the lack of Ptger3 transcripts in the Ptger3-

shRNA-injected animals. Compared to scramble-shRNA-injected animals, 87% of Ptger3 

signals were abolished in Ptger3-shRNA-injected mice (n = 4 sections from 2 mice) 

compared to scramble-shRNA-injected mice (n = 4 sections from 2 mice).  

(E) Left, representative images of the SFO and pre-LC under sodium depletion in 

scramble- (grey) and Ptger3- (red) shRNA-injected mice. Right, quantification of the cell 

activation (grey, n = 5 sections from 5 mice; red, n = 5 sections from 5 mice).  
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(F) Aversion tolerance is abolished in Ptger3 KD mice. Left, a diagram of gene 

knockdown and behavioral paradigm. Right, consumption of the same solutions as Figure 

6C was tested in scramble- (grey) and Ptger3- (red) shRNA-injected mice (n = 5-13 mice).  

Data are expressed as mean ± SEM, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Scale bar, 25 μm 

(A right, and D), 100 μm (A left, B, and E). 

See also Figure S1 and Table S1. 
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Figure 2. Functional roles of PGE2-Ptger3 signaling for salt taste modulation 

(A) ELISA measurement of the circulating PGE2 level. PGE2 was measured from sated 

(grey), and sodium depleted/repleted (red), and formalin-injected (blue) animals (n = 6-9 

mice).  

(B) Rapid PGE2 access to the SFO. Ex vivo imaging of the SFO was performed after 

intravenous injection of PGE2-AMCA. Top, experimental diagram and the chemical 

structure of a synthesized PGE2-AMCA. Bottle left, representative images showing 

fluorescence of PGE2-AMCA in acutely dissected SFO. Fluorescence levels were 

quantified across indicated white lines. Bottom middle, representative traces of relative 

fluorescence levels in vehicle- or PGE2-AMCA-injected animals. Bottom right, 

quantification of the relative fluorescence level (n = 7 mice for PBS, and 9 mice for PEG2-

AMCA).  

(C) Photometry recording from SFOPtger3 neurons. Shown are calcium dynamics and 

quantified responses (normalized ΔF/F) from SFOPtger3 neurons after subcutaneous 

injection of vehicle (grey) and PGE2 (red, n = 6 recordings from 5 mice for PGE2, and 7 

recordings from 5 mice for vehicle). 

(D) Peripheral injection of PGE2 induces salt tolerance in a Ptger3-dependent manner. 

High-salt consumption after subcutaneous vehicle (grey) or PGE2 (red) injection in 

Ptger3Cre/wt and Ptger3Cre/Cre animals was analyzed (n = 4-5 mice). PGE2 did not induce a 

drive to consume salt under sated conditions. Under thirst condition, Ptger3Cre/wt, but not 

Ptger3Cre/Cre, animals showed enhanced salt tolerance with PGE2 injection.  
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(E) Ptger3 KD mice did not tolerate high salt upon PGE2 administration.  Scramble- 

(grey) and Ptger3- (red) shRNA- injected mice were tested in high salt consumption assay 

(n = 5-10 mice).  

(F) Anti-inflammatory drugs (NSAIDs) partially decreased salt tolerance in sodium 

depletion. Sodium-depleted mice supplemented with ibuprofen (drinking water) and 

aspirin (i.p. injection) showed decreased tolerance toward high salt (n = 4-5 mice).  

(G) Enhanced dopamine signals toward high salt with PGE2 injection. Left, dopamine 

release in the NAc was monitored with dLight1.3b during high-salt consumption was 

measured. Middle and right, averaged dLight1.3b dynamics and quantified data are shown 

under sodium depletion, thirst, and thirst with PGE2 subcutaneous injection. Lick 

frequency is shown under dLight traces (n = 8-9 mice).  

(H) Activation of SFOPtger3 neurons induced dopamine release during high-salt 

consumption. Left, an experimental diagram for virus injection and salt consumption assay. 

Middle and right, averaged dLight1.3b dynamics and quantified data are shown after i.p. 

vehicle (grey) or CNO (red) injection (n = 8 mice).  

Data are expressed as mean ± SEM, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Scale bar, 100 

μm. 

See also Figure S2 and Table S1. 
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Figure S1. Ptger3 in the SFO plays a major function for aversive taste tolerance, 

related to Figure 1. 

(A) UMAP embedding of Ptger1, Ptger2 and Ptger4 log-normalized expression in the SFO 

demonstrating minimal expression of these three prostaglandin receptors. 

(B) Ptger3Cre/Cre mice did not show tolerance toward aversive taste under osmotic thirst (n 

= 4-9 mice).  

(C) Knocking down of Ptger3 in the SFO in the background of Trpm5-/- animals did not 

reduce tolerance toward aversive salt under osmotic thirst. The lick number of water and 

500 mM NaCl in scramble- (grey) and Ptger3- (red) shRNA- injected Trpm5-/- animals 

were shown (n = 5-6 mice). 

Data are expressed as mean ± SEM, ∗p < 0.05, ∗∗p < 0.01. See also Table S1. 
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Figure S2. Functional characterization of the PGE2/Ptger3 axis for aversive taste 

tolerance, related to Figure 2. 

(A) Measurement of inflammation-related factors in the circulation by ELISA. 

Progesterone and serotonin (5-HT) levels were measured from sated (grey), formalin-

injected (blue), and sodium depleted (red) animals (n = 7-8 mice).  

(B) Control stimuli for fiber photometry recording from SFOPtger3 neurons. These neurons 

showed no activation toward i.p. mannitol injection (2 M, 10 ml per kg BW; osmotic thirst), 

ghrelin (10 g; hunger), or LiCl (0.15 M, 15 ml per kg BW; visceral malaise). Calcium 

dynamics and response amplitude (normalized ΔF/F) of SFOPtger3 neurons are shown (n = 

5 mice). 

(C) PGE2 activated the SFO in a Ptger3-dependent pattern. Representative images and 

quantification of Fos immunofluorescence signals after subcutaneous injection of PGE2 in 

Ptger3Cre/wt (grey, n = 4 mice) and Ptger3Cre/Cre mice (red, n = 4 mice).  

(D) Ptger3 in the SFO is required for PGE2 responses. Representative images after 

subcutaneous injection of PGE2 in scramble- (top) and Ptger3- (bottom) shRNA-injected 

mice were shown. No Fos signal was found in the pre-LC.  

(E) PGE2 induced tolerance in wild-type animals. Consumption of 500 mM NaCl was 

measured under sated and osmotic thirst after subcutaneous injection of vehicle (grey) or 

PGE2 (red, n =9 mice). 

(F) PGE2-induced aversive taste tolerance in food-deprived, wild-type animals. Left, a 

diagram of the behavioral paradigm. Right, the number of licks toward 0.25 mM quinine 
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with 500 mM glucose in food-deprived mice after vehicle (grey) or PGE2 injection (red, 

n = 6).  

(G) Thirsty Ptger3Cre/Cre mice consumed pure water after vehicle (grey) or PGE2 (red) 

subcutaneous injection (n = 4 mice). 

(H) Thirsty Ptger3 KD mice consumed pure water after vehicle (grey) or PGE2 (red) 

subcutaneous injection (n = 8-10 mice). 

(I) Formalin-induced inflammation increased tolerance towards 500 mM NaCl during thirst 

(n = 5-10). Water intake was unaffected by the same treatment. 

Data are expressed as mean ± SEM, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Scale bar, 100 

μm. See also Table S1. 
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C h a p t e r  4  

FLUID HOMEOSTASIS AND SALT IMBALANCE 

Maintaining the fluid balance requires complex crosstalk within the neural circuits and 

endocrine systems through the brain-body axis. Previous research focused upon the thirst-

driving pathways in the brain. Recent studies have shed more light on the role of post-

ingestive feed-forward modulation mediated by peripheral signals. Advances in technology 

have unveiled the genetic profiles of the underlying circuits, enabling more precise 

interventions in future translational research. Despite the prevalence of fluid balance 

dysregulation in modern life, its health relevance remains underappreciated. Importantly, the 

crisis of salt overconsumption has been overlooked. The close linkage between salt 

consumption and inflammation shed a new light on the potential strategy of salt reduction. 

 

4.1 Fluid homeostasis 

The stability of the milieu interieur is vital for survival.154 In particular, fluid homeostasis 

ensures the body fluids are stabilized within a precise range. Fluids, a combination of water 

and minerals, are constantly exchanged between the external environment and the body, as 

well as between internal compartments (intracellular fluid [ICF] and extracellular fluid 

[ECF]). In healthy individuals, the total body fluid constitutes approximately 60% of body 

weight, with an average of 3–4 liters consumed and metabolized daily. Throughout this 

process, osmolality is constantly preserved at 275-295 mOsmol/kg. Acute deviation from 

this equilibrium causes thirst or osmotic shock, while the long-term failure to maintain the 
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proper balance leads to pathological states, such as diabetes, cardiovascular diseases and 

kidney failure.  

 

4.1.1 Thirst regulation 

The sensation of thirst arises with a rapid 1–2% reduction in body mass.155 Homeostatic thirst 

is a sensation arising from a disturbance in homeostasis driven by osmolality and volemic 

stimuli. Thus, the thirst drive can be categorized as osmotic thirst and volemic thirst (Figure 

1). Interestingly, thirst can be triggered by a change in plasma volume (about 10%), whereas 

only 1% acute change in osmolality is sufficient to induce water intake. These perturbations 

of equilibrium are directly detected by the central and peripheral nervous systems. In 

addition, non-homeostatic thirst can be triggered independently of osmotic and volemic 

signals. For instance, in prandial thirst and circadian-induced thirst, water intake occurs 

before any physiological challenges.156–158 

 

4.1.2 Central nervous system  

Thirst has been extensively studied from the physiological and behavioral standpoints. The 

induction of thirst involves integrative inputs from multiple organs which detect and 

modulate osmolality, blood pressure, and fluid volume.155 Advances in neuroscience 

techniques have provided researchers with powerful tools to identify specific brain loci and 

link distinct physiological responses to distinct neural circuits. In Drosophila, the Janu 

interneurons are newly proposed as selective drivers for water seeking behaviors.159 Outside 

the brain, the downstream of the interoceptive subesophageal zone neurons (ISNs) respond 

to hunger and thirst oppositely as well, forming distinct pathways for sucrose and water 
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ingestion.160  Recent studies identified the hygrosensory neurons expressing ionotropic 

receptor 8a (IR8a) in Drosophila melanogaster are activated by high humidities, and 

attenuated during thirst, facilitating the behavioral transition from humidity aversion to water 

seeking.161 In mammals, including humans, the major brain regions involved in thirst 

regulation are the circumventricular organs (CVOs), which lack the blood brain barrier 

(BBB).162–164 Subfornical organ (SFO) and organum vasculosum of the lamina terminalis 

(OVLT) compose the lamina terminalis (LT) along with the median preoptic nucleus 

(MnPO). Extensive studies have demonstrated the necessity and sufficiency of LT neurons 

in thirst.162,163 Genetically defined neural populations that drive thirst have been identified in 

the LT, where MnPO neurons serve as a integration center of interoceptive signals.158,165  A 

study with single-cell transcriptomics further demonstrated that LT thirst neurons comprise 

diverse neuron types that mediate hypovolemic and osmotic thirst.166 Despite differences in 

brain organization, both invertebrates and mammals exhibit functionally specialized neural 

pathways that govern thirst and fluid-seeking behaviors. A common theme across species 

appears to be the role of interoceptive neurons in balancing competing physiological needs. 

The input to CVOs functions as the primary sensory signal to induce thirst. At the molecular 

level, several sensors and channels have been proposed. The NaX (SCN7A) channels in glial 

cells and Transmembrane Protein 63B (TMEM63B) channels in excitatory neurons ae 

identified to detect osmolality changes in blood.167,168 Other studies proposed the 

osmosensing role of epithelial sodium channel (ENaC),169 transient receptor potential 

vanilloid-1 (Trpv1), and vanilloid-4 (Trpv4) channels.170 However, genetic deletion of Trp 

channels did not fully abolish the hypernatremia or hyperosmolality-induced water intake,171 

suggesting that multiple mechanisms may be involved in osmosensation.   
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The lateral hypothalamic area (LHA) has been known to modulate ingestive behaviors in 

general. A recent study reported that neurotensin (Nts)-expressing LHA neurons selectively 

encode for thirst drive instead of hunger.172 Since the LHA is a downstream area of the LT, 

it would be interesting to examine if Nts neurons integrate thirst signals from interoceptive 

brain areas. Additionally, the crosstalk between the suprachiasmatic nucleus (SCN) and 

OVLT through vasopressin (VP)- expressing neurons mediates anticipatory thirst prior to 

sleep,173 which is further validated by the blood flow between these two regions.174 

Interestingly, the well-known hunger neurons, namely, agouti-related protein (Agrp) 

neurons, were found with a subset related to thirst regulation. The knockout of carnitinea 

palmitoyltransferase 1A (Cpt1a) in the Agrp neurons resulted in polydipsia and polyuria.175 

Apart from these well-studied areas, emerging studies indicated brain-wide regulation of 

thirst and drinking behavior. For example, the Purkinje neurons in the cerebellum were 

shown to modulate water intake under thirst conditions.176 Beyond specific brain areas, thirst 

regulation engages the whole brain network that collectively drive water consumption and 

modulate satiety feedback. Multiunit electrophysiological recording from 24,000 neurons 

across brain demonstrated unique neural population dynamics under thirst and satiety state177 

Additionally, recent findings showed that brain employs a energy landscape to balance 

internal needs such as hunger vs. thirst.178 This innovative landscape framework helps 

explain how organisms resolve conflicting physiological needs over time, with neural 

activity shifting probabilistically towards the behavior that best addresses the current internal 

state.  

 

4.1.3 Endocrine system 
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There are several endocrine signals critically involved in thirst and fluid balance 

regulation.179 For hypovolemia, physiological signals such as angiotensin II (Ang II) are the 

critical regulators driving the thirst. The intracerebroventricular injection of Ang II is 

sufficient to drive immediate thirst, and the blockage of central Ang II receptor largely 

attenuates thirst.179 Interestingly, a recent study showed the same individual neuron in the 

OVLT responds to both Ang II and high sodium concentrations.180 A significant impact of 

Ang II is the stimulation of aldosterone production, a mineralocorticoid hormone that 

increases in response to elevated Ang II levels during hypovolemia. In addition, 

adrenocorticotropin and potassium play key roles in regulating the aldosterone level.  

Interestingly, one recent study proposed the deletion of the angiotensinogen gene (Agt) in 

brain and liver, which encodes the precursor of angiotensin peptides, did not eliminate thirst 

or sodium appetite.181Vasopressin or arginine vasopressin (AVP) is another well-studied 

hormone in the regulation of thirst, more specifically, in the osmotic thirst. Instead of driving 

thirst and water intake, AVP acts on the kidney and promotes water reabsorption. In diabetes 

insipidus, AVP deficiency and resistance resulted in excessive urine output.182  

 

4.1.4 Satiation and feed-forward sensory modulations from body-brain axis 

Recent studies have provided deeper insights into the central and peripheral pathways that 

regulate the termination of water consumption, ensuring adequate replenishment while 

preventing overconsumption.183 As other appetite, the satiation from water retention is 

generated through the dopaminergic neurons in the brain areas encoding rewards. The recent 

research showed D1 and D2 neurons in the nucleus accumbens (NAc) are responsive to both 
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hunger and thirst cues, suggesting a shared neural circuit for processing these nutrient 

needs.184 

Inhibitory neurons expressing glucagon-like peptide 1 receptor (Glp1r) in the LT quickly 

respond to drinking behavior and directly inhibit the SFO thirst-driving neurons by hypo-

osmotic signals in the gut.185 In addition to local inhibition within thirst-driving regions, the 

hindbrain plays a critical role in modulating satiation. A recent study suggested the nucleus 

solitarius tract (NTS) to paraventricular hypothalamic nucleus (PVH) pathway quenches 

water intake through endogenous Glp1 effect.186 Parabrachial nucleus is another critical 

region in the feedback regulation of fluid consumption. One study proposed the potential role 

of the oxytocin‐receptor (Oxtr) expressing neurons in PBN during fluid satiation.187,188 

Another recent study showed the PBN Pdyn neurons project to PVH and suppress fluid 

intake in response to the vagal signals triggered by stomach distension.189 Meanwhile, the 

heterogeneous cholecystokinin (Cck) neurons in the lateral PBN project to GABAergic 

neurons in the MnPO and vBNST respectively, and each projection suppresses thirst and salt 

appetite accordingly.190 Furthermore, peri-locus coeruleus (peri-LC) was identified as a 

converged hub for food and water ingestion, where neurons construct a double-negative 

feedback system.191  

These thirst-quenching signals seem to arise from the peripheral sensory signals. Early 

studies in dogs suggested the oropharyngeal motor activities, for example swallowing, 

reduce the secretion of vasopressin drastically through the glossopharyngeal and vagus 

nerves.192 Recent studies further demonstrated that ascending sensory pathways play an 

important role in transmitting thirst-quenching signals from the periphery to the brain.185,193  
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The hepatic portal vein functions as an osmosensory site in satiation, through its 

connection to the spleen and gastrointestinal tract.194,195 Vagal and spinal afferents innervate 

to the hepatic portal vein and delivers the signal to the lateral hypothalamus.196 The hepatic 

vagotomy impairs regulation of urine compositions against acute osmotic stimuli. A recent 

study showed the vagal afferents innervating the hepatic portal area mediate the osmolality 

through vasoactive intestinal peptide (VIP).197 With more advanced technological approach, 

it has become possible to establish the genetic profile of the vagal afferent and understand 

the mechanism underlying how the feedback information is delivered to the brain. How the 

spinal pathway is involved in thirst regulation is still not well-understood, and exploring its 

role is a future research area. 

In addition, the baroreceptors contribute to the body-brain axis by regulating blood pressure. 

Baroreceptors are expressed on the afferent of the glossopharyngeal (carotid) and vagus 

(aortic arch) nerves, and the cell bodies are located at the petrosal and nodose ganglia. The 

double knockout of Piezo1 and Piezo 2 channels blocks the detection from the afferents, 

destabilizes the blood pressure and impairs baroreflex.198 On the other hand, the activation 

of the Piezo2-expressing neurons in the baroreceptor afferents rapidly reduces blood pressure 

and heart rate (see summary Figure 2).198 

 

4.2 Excessive salt and dehydration 

Long-term disruption in fluid balance has been identified as one of the key risk factors of 

developing hypertension. Guyton’s cardiovascular model emphasized the role of kidney in 

long-term blood pressure control.199 Another perspective proposed the significance of the 

interstitial hypertonic sodium dynamics and the role of mononuclear phagocyte system 
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(MPS) cells.200 From the perspective of immune factors and vasculature, the 

lymphangiogenesis increases pro-inflammatory biomarkers and decreases endothelial nitric 

oxide synthase expression and nitric oxide level, leading to reduced vasodilation and elevated 

blood pressure.201 The degree of hypertension is known to vary in the population due to the 

different level of sodium sensitivity from genetic background.202 A combination of direct 

and indirect effects by high sodium diet contributes to cardiovascular disorders and 

hypertension, though the specific neural mechanisms remain to be explored.  

Disrupt in fluid homeostasis prevails in the elderly population.203 Dehydration has been 

widely found in hospitalized or home-stayed elderly groups. Total body water level peaks at 

80% at birth, and declines to about 50% in the aged state.204 Multiple cross-sectional studies 

revealed insufficient fluid intake for elderly groups at home or hospitalized. For instance, 

one study from 822 care residents reported 1104.1 ml/day water intake for the older 

population, which is below a recommended level of 1500 ml/day.205 Interestingly, there are 

mixed results regarding the osmolality in the elderly population. Though there are studies 

characterizing a  higher baseline osmolality in the elderly,206 multiple studies in humans and 

rodents fail to capture the significant osmolality increase compared to adults in the sated 

state.207–210 Various factors complexed the issue of fluid imbalance in the elderly population, 

including dysphagia, cognitive impairment, heart failure, diabetes, cirrhosis, nephrotic 

syndrome, emesis, and gastroentritis. The resulted hyperosmotic dehydration state 

exacerbates the inflammatory internal state and accelerates the decline of biological 

functions.  

Decline of renal functions has been recognized as the major factor of dehydration. Increased 

nephrosclerosis in the geriatric population decreases the number of functional nephrons. The 
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number of functioning glomeruli (NFG) of in the older group was approximately 20% 

lower compared to in the younger group.211 Renal plasma flow in the older group was 

depressed in proportion to the decreased glomerular filtration rate (GFR).211 These 

morphological changes in kidney contribute to the inability to concentrate sodium in the 

urine. The older population dehydrates chronically and become more susceptible to 

developing cardiovascular diseases, including hypertension.  

One common phenomenon observed in the older population (both humans and rodents) is a 

decreased sensation of thirst under dehydration.210,212 The specific mechanism underlying 

the change in brain remains unknown. One of the popular hypotheses proposed that the 

osmotic thirst has been preserved in the older population while the volemic thirst was 

impaired.207 The different response to osmotic and volemic thirst implies distinct neural 

populations might be compromised during ageing. However, one study showed the osmotic 

thirst induced intake in older population is significantly lower than the adult group.212 The 

renin-angiotensin system is reported to be inhibited in the aged population; however, there 

are studies demonstrating increased renin and Ang II levels in the serum.213 Increased AVP 

secretion has been identified in the elderly population as well.214 According to several 

studies, the baseline level of circulatory AVP is higher but there is one study showing a 

decrease of AVP level in the elderly group.214 There are also mixed results on whether the 

aged group elevates the osmoreceptor sensitivities, and it remains unclear whether the aged 

group has a greater AVP release by a unit change in osmolality.214 Indeed, there are obstacles 

dissecting out the specific pathways attenuating the thirst drive in the elderly population due 

to the complex nature of this problem. Nevertheless, another approach to tackle the 

dehydration is through the satiation and quenching mechanism. The older population might 
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demonstrate over-sensitized reward feedback, leading to suboptimal rehydration. One PET 

study showed that in aged population, the regional cerebral blood flow (rCBF) is reduced to 

a greater level in anterior midcingulate cortex (aMCC) during rehydration, implying a 

possible change in the satiation threshold during ageing.210 In general, significant potential 

remains for future research to elucidate the changes in thirst neural circuits throughout the 

lifespan.215 

 

4.3 Salt overconsumption 

Sodium is the most abundant electrolyte in the body for maintaining overall osmotic balance 

and cell functions. Though we retrieve a significant amount of sodium through daily food 

intake, sodium balance is precisely regulated by multiple organs and hormones. Daily 

fluctuations in serum sodium are minimal, often within 1-2 mmol/L. Various studies have 

investigated peripheral and central mechanisms that modulate sodium balance during 

depletion and consumption.216 In addition to the known neural substrates for appetite in the 

hindbrain, a recent study revealed a parallel pathway in the forebrain regulating the taste 

valence of sodium. This novel model distinguishes regulation of fluid balance from energy 

balance.217  

Maintaining an optimal sodium level is crucial for the regulation of fluid balance. However, 

modern dietary patterns pose significant obstacles to maintaining optimal sodium levels in 

the body. Excess sodium consumption is a critical and persistent public health challenge. 

According to the Centers for Disease Control and Prevention (CDC) and U.S. Food and Drug 

Administration (FDA), over 90% of Americans exceed the recommended daily sodium 

intake of 2,300 mg, with the average intake reaching approximately 3,400 mg per day.218,219 
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The overconsumption problem is even more prevalent in China with 43,00 mg daily 

intake.220 This dietary excess not just causes systematic sub-healthy states, but also 

contributes to millions of deaths annually worldwide from high-blood-pressure-related 

cardiovascular events.221–226 Despite decades of public education campaigns, front-of-

package labeling, and reformulation efforts by the food industry, population-level sodium 

intake has remained largely unchanged over the past 20 years.227,228 

This stagnant trend is not due to lack of awareness; rather, it reflects the strong physiological 

and neurobehavioral drive for salt, which is insufficiently addressed by external interventions. 

Current public health efforts (e.g., food labeling and education) rely heavily on individual 

behavioral change and have limited success in modifying innate salt appetite.229,230 

Individuals attempting to reduce sodium often struggle with cravings and report 

dissatisfaction with low-salt foods.  

Established research have revealed the high correlation between high sodium intake and 

cardiovascular and renal disorders. These disorders were underestimated at their early stages, 

often perceived as transient fluid imbalances that could be resolved through increased water 

intake. However, emerging evidence reveals intricate pathological alterations in the body 

associated with sodium dysregulation. Acute high sodium intake has been known for the 

induction of thirst. Nevertheless, in a recent human study, high sodium diet over consecutive 

days already shifted the body to an insufficient hydration state.231 From the perspective of 

the gut microbiome, several studies demonstrated how a high sodium diet chronically shifts 

the gastrointestinal microbiota: the abundances of bacteria producing short-chain fatty acid 

(SCFA) have been reduced, while Clostridia, Alistipes, and Akkermansia have been more 

enriched.232 Consequently, the pathogenic T helper 17 (Th17) lymphocytes in the gut 
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increase the circulating pro-inflammatory cytokine levels, leading to autoimmune 

disfunction and even cognitive impairment.233,234  

The long-term high salt consumption model has not been fully established in rodent studies. 

Commonly used high sodium diets in mice contain sodium levels approximately 5–10 times 

higher than standard chow, which may not accurately recapture human patterns of 

overconsumption. In addition, most rodent studies focus on exposure durations ranging from 

two weeks to three months, whereas high sodium intake in humans often persists across the 

lifespan. Thus, it is reasonable to consider adopting diets with physiologically relevant 

sodium levels and extending exposure periods in future experimental designs.  

Our preliminary data indicate that mice maintained on a high-sodium diet demonstrated an 

augmented sodium craving which is consistent with the previous results that prolonged high 

salt intake shifts preference toward higher sodium concentrations in humans.235,236 

Interestingly, this craving of sodium was attenuated by local Ptger3 knockdown in the SFO 

of rodent brain. This result echo back to the important role of Ptger3 in the taste valence and 

implied the PGE2–Ptger3 brain–body axis may recalibrate sodium taste sensitivity under 

conditions of chronic overconsumption. 
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Figure 1. Different types of thirst and adaptive responses in the body.  

Osmotic and volemic thirst triggers distinct but interactive circuits in the body-brain axis to 

induce ingestion.155 
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Figure 2. Central and peripheral regulation in dehydration and rehydration.  

Specific elements are summarized in the graph to introduce the key concepts in fluid 

homeostasis.  
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