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Abstract

Animals must ingest water via drinking to maintain fluid homeostasis, yet the neurons that 

specifically promote drinking behavior are incompletely characterized. The lateral hypothalamic 

area (LHA) as a whole is essential for drinking behavior but most LHA neurons indiscriminately 

promote drinking and feeding. By contrast, activating neurotensin (Nts)-expressing LHA neurons 

(termed LHA Nts neurons) causes mice to immediately drink water with a delayed suppression of 

feeding. We therefore hypothesized that LHA Nts neurons are sufficient to induce drinking 

behavior and that these neurons specifically bias for fluid intake over food intake. To test this 

hypothesis we used designer receptors exclusively activated by designer drugs (DREADDs) to 

selectively activate LHA Nts neurons and studied the impact on fluid intake, fluid preference and 

feeding. Activation of LHA Nts neurons stimulated drinking in water-replete and dehydrated mice, 

indicating that these neurons are sufficient to promote water intake regardless of homeostatic need. 

Interestingly, mice with activated LHA Nts neurons drank any fluid that was provided regardless 

of its palatability, but if given a choice they preferred water or palatable solutions over unpalatable 

(quinine) or dehydrating (hypertonic saline) solutions. Notably, acute activation of LHA Nts 

neurons robustly promoted fluid but not food intake. Overall, our study confirms that activation of 

LHA Nts neurons is sufficient to induce drinking behavior and biases for fluid intake. Hence, LHA 

Nts neurons may be important targets for orchestrating the appropriate ingestive behavior 

necessary to maintain fluid homeostasis.
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1. Introduction

Water intake is necessary to maintain cellular osmolality and homeostasis, therefore drinking 

is an essential behavior for survival. Dysregulation of drinking behavior, either too much or 
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too little water, endangers health. For example, excessive water intake after extreme 

exercise, use of the drug Ecstasy or psychogenic polydipsia can lead to hyponatremia and 

severe neurological consequences that can cause death (Bourque, 2008; Dundas et al., 2007; 

Hawken et al., 2009; McKinley et al., 2004). Inadequate water intake promotes life-

threatening cardiovascular impairment (Baron et al., 2015; Maughan, 2012) and may be due 

to voluntary or involuntary restriction of drinking. While individuals with anorexia 

purposely limit fluid intake to control body weight (Steffen et al., 2007), elderly persons 

have impaired ability to sense thirst that leads to unintentionally reduced drinking (Koch and 

Fulop, 2017; Phillips et al., 1984). Yet, despite the exigency of maintaining appropriate 

hydration for health there is still much to understand about how drinking behavior is 

regulated.

The brain contributes to fluid homeostasis by monitoring serum osmolality and, in turn, 

coordinates appropriate peripheral actions and drinking behavior needed to restore any 

imbalance (Zimmerman et al., 2017). Neurons in the lateral terminalis (LT) are the first-line 

osmolality sensors and detect whether there is a “need” for water (Abbott et al., 2016; 

Matsuda et al., 2016; Nation et al., 2016; Oka et al., 2015; Zimmerman et al., 2016) but they 

do not themselves modulate water handling. Instead, LT neurons send afferents to numerous 

brain regions that, in sum, control water intake and fluid management. For example, LT 

projections to the supraoptic nucleus and paraventricular hypothalamus (PVH) coordinate 

release of the hormone arginine vasopressin to regulate peripheral fluid handling (Kinsman 

et al., 2017; Larsen and Mikkelsen, 1995; Oldfield et al., 1994) and these circuits are vital 

for whole-body fluid balance. However, the brain regions that orchestrate the behavioral 

drinking response remain incompletely defined.

The lateral hypothalamic area (LHA) is a neuronally heterogeneous brain region that is 

positioned to orchestrate drinking because it receives inputs from LT neurons (Goto et al., 

2005; Hahn and Swanson, 2012, 2010; Saper et al., 1979) and is known for controlling 

ingestive behavior. Indeed, electrical stimulation of the whole LHA induces drinking 

(Mogenson and Stevenson, 1967) whereas lesion of the LHA causes adipsia, aphagia and 

death from self-inflicted dehydration and starvation (Morrison et al., 1958; Stricker, 1976). 

Hence, the LHA contributes to both ingestive behaviors, but most research has focused on 

how LHA neurons regulate feeding (Stuber and Wise, 2016). By comparison, the role of the 

LHA in mediating water intake behavior has been less studied. The best characterized LHA 

populations are those expressing the neuropeptides melanin-concentrating hormone (MCH) 

(Bittencourt et al., 1992; Zamir et al., 1986) or orexin/hypocretin (OX) (de Lecea et al., 

1998; Sakurai et al., 1998) and the large population of LHA neurons expressing the classical 

neurotransmitter GABA (Jennings et al., 2015; Karnani et al., 2013). Multiple independent 

reports show that the MCH, OX and LHA GABA neurons comprise separate, non-

overlapping populations (Kurt et al., 2017; Brown et al., 2017; Jennings et al., 2015; Karnani 

et al., 2013; Stuber and Wise, 2016). Although some MCH and OX neurons express GABA 

synthesis enzymes, they lack the proteins necessary for vesicular packaging and release of 

GABA, and hence are functionally distinct from LHA GABA signaling neurons (Mickelsen 

et al., 2017). These MCH, OX and GABA populations are activated by specific peripheral 

cues and pathways, but they all generally promote ingestive behavior and do not appear to 

specifically coordinate feeding vs. drinking. For example, MCH neurons in the LHA 
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promote intake of both food and liquids (Clegg et al., 2003; Domingos et al., 2013; 

Sakamaki et al., 2005). Since MCH neurons lack inputs from osmosensory centers (Kumar 

et al., 2008), and preferentially increase intake of palatable solutions but not water 

(Domingos et al., 2013), it is likely that MCH neurons primarily direct reward-based 

drinking rather than drinking to resolve osmolality imbalance. Activation of the adjacent OX 

neurons broadly induces intake of food, water and any rewarding liquids (Inutsuka et al., 

2014; McGregor et al., 2011; Yamanaka et al., 1999), hence these neurons do not bias for 

food or liquid intake. Experimentally activating the entire population of LHA GABA 

neurons also generally increases ingestive behaviors, promoting intake of solid food, caloric-

liquids and gnawing at non-caloric objects (e.g. wood, the home cage) (Jennings et al., 2015; 

Navarro et al., 2015; Nieh et al., 2015). It is now recognized, however, that LHA GABA 

neurons are heterogeneous (Jennings et al., 2015) and it is unlikely that they are all 

physiologically activated by the same cues or at the same time. Thus, while the LHA 

neurons studied to date generally promote food and liquid intake, it remained possible that 

specific subsets of LHA neurons might contribute uniquely to feeding and drinking.

Here we investigated the role of a specific subset of LHA GABA neurons that co-express the 

neuropeptide Neurotensin (Nts) in ingestive behavior, referred to as LHA Nts neurons 

(Brown et al., 2017; Goforth et al., 2014; Leinninger et al., 2011; Patterson et al., 2015). Nts 

is considered an anorectic neuropeptide and has been primarily studied in the context of 

feeding (Boules et al., 2000; Cooke et al., 2009; Luttinger et al., 1982; Sahu et al., 2001). 

Since dehydration increases Nts expression in the LHA (Watts and Sanchez-Watts, 2007) 

and pharmacologic Nts promotes drinking (Hawkins et al., 1989), we reasoned that LHA 

Nts neurons might contribute to drinking behavior. Indeed, we previously showed that 

activating LHA Nts neurons causes an immediate, voracious increase in water intake with a 

delayed suppression of feeding (Woodworth et al., 2017). This divergent effect on ingestive 

behavior is strikingly different from the general increase in drinking and feeding induced by 

activating MCH, OX or all LHA GABA neurons. It remained unclear, however, if LHA Nts 

neurons generally promote fluid intake or if they selectively promote intake of water. We, 

therefore, investigated the nature of the fluid intake triggered by activation of LHA Nts 

neurons and whether activation of LHA Nts neurons is sufficient to bias intake of any fluid, 

regardless of its palatability, over food intake.

2. Materials and Methods

2.1. Animals

Mice were bred and housed on a 12-hr light and 12-hr dark cycle. Mice had ad libitum 
access to rodent chow (Teklad 7913) and water unless noted otherwise. All animal protocols 

were approved by the Institutional Animal Care and Use Committee (IACUC) at Michigan 

State University in accordance with Association for Assessment and Accreditation of 

Laboratory Animal Care and National Institute of Health guidelines. Male adult mice (14–90 

wk old) were studied, and despite this substantial age range we found no alteration of LHA 

Nts-induced drinking behavior with aging (data not shown). Most tests were performed in a 

single cohort of mice between 50–90 weeks of age. Sucrose preference was performed in a 

separate cohort of mice between 14–35 weeks of age.
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2.2. Surgery

NtsCre mice (Leinninger et al., 2011) (n=8, 2–3 months old) were stereotaxically injected 

with 300 nL of AAV-hSyn-DIO-hM3D(Gq)-mCherry, serotype 2 (University of North 

Carolina Vector Core) into each side of the LHA according to coordinates from the Paxinos 

and Franklin mouse brain atlas (Paxinos and Franklin, 2001) (anteroposterior: −1.34, 

mediolateral: +1.05, dorsoventral: 5.20). These mice were tested via a crossover design, such 

that each mouse received vehicle or clozapine N-oxide (CNO) injections. Due to equipment 

malfunction during the final sucrose preference assay the data for this cohort of mice could 

not be recovered. Since the mice had been euthanized the assay could not be repeated, so a 

new cohort of NtsCre mice with bilateral LHA injections of AAV-hSyn-DIO-hM3D(Gq)-

mCherry was generated for the sucrose preference experiment (n=7).

2.3. Acute Drinking, Osmolality and Body Temperature Measurements

Mice were studied during the light cycle in their home cages, where they received 

intraperitoneal injections of vehicle (VEH) [1X 0.2M pH 7.4 sterile PBS] or clozapine N-

oxide (CNO) [0.3 mg/kg]. Before and 4 hours after each injection the body mass, food and 

liquid-bottles (containing either water, 0.014% Quinine solution or 2% NaCl solution) were 

weighed using an electronic balance. Body temperature was measured using a digital rectal 

thermometer. Urine was collected prior to and 4 hours after injections, and urine osmolalities 

were measured using a Wescor 5520 Vapro Vapor Pressure Osmometer. For most measures 

n=8, but there is reduced sample size for the urine osmolality analysis due to difficulty in 

obtaining fresh urine samples (Figure 1E, VEH=6, CNO=7). The concentration of NaCl 

(2%) was chosen based on prior literature that this solution is acutely palatable to mice (such 

as during the 4-hr window assessed here) but prolonged access induces osmotic dehydration 

(Johnson et al., 2015; Mizuno et al., 2003). Several concentrations of quinine solution were 

screened to identify the minimum quinine concentration that caused all mice to avoid the 

quinine solution and to prefer water (Supp. Figure 2). Based on this assessment 0.014% 

quinine was selected for testing because it produced quinine avoidance (< 50% preference 

for quinine) in all mice.

2.4. Euhydration vs. Dehydration Experiment

Liquid, food and body weight measurements were taken manually as indicated in section 

2.3, just prior to the dark cycle, then mice were either euhydrated (EU) or dehydrated (DE) 

overnight(~18 hr). Mice received VEH or CNO injections in the morning and then were 

either given water(EU) or remained dehydrated (DE) for 5 hours, after which liquid-bottles, 

food and body weight were measured. Thus, this experiment had three test groups (n=8 for 

each): EU-EU control group (overnight euhydrated, 5-hour euhydrated), DE-EU (overnight 

dehydrated, 5-hour eu/rehydrated) dehydration motivated group, DE-DE (overnight 

dehydrated, 5-hour dehydrated) prolonged dehydration control group.

2.5. 2-Bottle Choice Tests

2 bottles, each containing water, were provided for 48 hours to acclimatize mice to the two-

bottle arrangement. The position of the bottles in the cage was swapped every 24-hours to 

control for any place preference effects; observance of place preference during the water 
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pre-testing would be cause for exclusion, but this was not noted in any of the mice. Next, 

one of the water bottles was replaced with a bottle containing the test solution so that mice 

had a choice of either water or 0.014% Quinine hydrochloride dihydrate (Sigma) solution, or 

water or 2% NaCl (Sigma), or water or 1% sucrose (Sigma). During 2-bottle preference 

testing the mice received twice daily injections of either VEH or CNO in the morning (9:30–

10:00 am) and just before the dark cycle (5:30–6:00 pm). Since this was a crossover design, 

all mice served as their own controls, receiving both treatments. Mice were given at least 24-

hours before repeating the experiment with the alternate treatment (e.g. 2 bottles of water for 

48-hours, then water vs. other solution for 48-hours while being treated). Body mass, food 

and liquid bottles were weighed every 12 hr during the experiment using an electronic 

balance.

2.6. Verification of hM3D(Gq)-mCherry expression in LHA

After conclusion of experiments, mice received a lethal i.p. dose of pentobarbital (Fatal Plus, 

Vortech) followed by transcardial perfusion with 0.2M PBS (pH 7.4) and then 10% formalin 

(Fisher Scientific, Pittsburgh, PA). Brains were extracted, post-fixed in 10% formalin, then 

dehydrated in 30% sucrose solution prior to coronal sectioning (30 µm) using a sliding 

microtome (Leica, Buffalo Grove, IL). Sections from each brain were collected into four 

separate series. One series of sections from each mouse was assessed via 

immunofluorescence microscopy as previously described (Woodworth et al., 2017) to verify 

mice in which hM3D(Gq)-mCherry expression was targeted to, and confined within the 

LHA. The mCherry was detected using a rabbit dsRed primary antibody (1:1000, cat 

#:AB_10013483, Clontech), followed by anti-rabbit secondary antibody conjugated to 

Alexa-568(1:200, cat #: AB_2534017, Life Technologies). Images were collected with an 

Olympus BX53fluorescence microscope outfitted with transmitted light as well as FITC and 

Texas Red filters, by use of Cell Sens software and a Qi-Click 12 Bit cooled camera. Images 

were analyzed using Photoshop software (Adobe). Mice with bilateral mCherry expression 

in the LHA, without spread to neighboring brain regions, were included in the final dataset. 

Additionally, one mouse with unilateral mCherry expression confined to the LHA was 

included in the final dataset, because it demonstrated a comparable induction of drinking 

following CNO activation (Supp. Figure 1, mouse DQ60 identified by magenta arrow). This 

is consistent with our previous observations of comparable CNO-induced drinking in mice 

with bilateral or very well-target edunilateral hM3D(Gq)-mCherry expression in the LHA 

(data not shown). Importantly, CNO does not induce drinking in control mice that do not 

express hM3D(Gq)-mCherry in the LHA (Woodworth et al., 2017), thus the effects observed 

in this study are not due to off-target actions of CNO.

2.7. Statistics

2-tailed student’s t tests and 2-way ANOVA with 95% confidence intervals and alpha=0.05 

were applied for the analyses by use of GraphPad Prism 7.0. All t-tests are paired unless 

indicated otherwise. For all data analyzed by ANOVA, either Sidak`s or Dunnett’s multiple 

comparisons post-hoc test was applied depending on whether every group was compared to 

each other or to a control group, respectively. For body temperature analyses, repeated 

measures 2-way ANOVA (RM-ANOVA) was applied. For the effects of hydration status/

motivation tests, 2-way ANOVA was used to compare each hydration condition to the 
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control (EU-EU) condition and within each condition. Treatment effects between two groups 

were analyzed by t-tests, including acute water, 2% NaCl and quinine solution intake data as 

well as 2-bottle preference tests.

3. Results

3.1. Activation of LHA Nts neurons induces water consumption but not feeding

NtsCre mice were injected in the LHA with AAV-hSyn-DIO-hM3D(Gq)-mCherry so that 

hM3D(Gq)-mCherry expressing LHA Nts neurons could be selectively activated via 

treatment with CNO (Figure 1A). First, the acute effects of VEH (control) or CNO-induced 

activation of LHA Nts neurons were assessed 4 hours after treatment. VEH treatment did not 

cause any alteration in body weight, but mice with CNO-mediated activation of LHA Nts 

neurons had significantly higher body weights (Figure 1B, p < 0.001). At first glance these 

data seemed contradictory with prior work showing that chemogenetic activation of LHA 

Nts neurons decreased body weight after 24 hours (Woodworth et al., 2017). We 

hypothesized that the short-term (4 hour) LHA Nts-induced weight gain could be due to the 

weight of immediately ingested water and/or food, which may have been missed in the prior 

study that only assessed long-term effects on body weight (24 hours or longer). Indeed, 

CNO-induced activation of LHA Nts neurons promoted voracious drinking over 4 hours 

(Figure 1C), but did not induce food intake during this time (Figure 1D). CNO treatment 

also led to a significant reduction in urine osmolality, indicating that LHA Nts-activated 

mice actually consumed water (Figure 1E). Thus, the acutely increased weight of LHA Nts-

activated mice may be explained by the weight of the water they ingested. Over a longer 

time course, however, LHA Nts-induced drinking, locomoto activity and energy expenditure 

concomitant with a delayed restraint of feeding can produce modest weight loss (Woodworth 

et al., 2017). We reasoned that LHA Nts-induced energy expenditure and locomotor 

behavior might increase body temperature, which could drive mice to ingest water in an 

effort to cool the body (Sladek and Johnson, 2013). Injection of VEH and CNO both led to 

increased body temperature 15 minutes after injection as compared to pre-injection 

temperature (Figure 1F). VEH-treated control mice decreased body temperature 120min 

after treatment, as might be expected of mice that are no longer being handled (e.g. injected) 

and have resumed the low arousal and activity state typical of mice during the light cycle 

(Alföldi et al., 1990; Mochizuki et al., 2006 ). By contrast, body temperature of CNO-treated 

mice remained elevated two hours later, consistent with the prior finding that activating LHA 

Nts neurons increases physical activity and energy expenditure. Overall, these data reveal 

that acute activation of LHA Nts neurons specifically increases body temperature and 

promotes water, but not food, consumption.

3.2. Activation of LHA Nts neurons augments dehydration-induced drinking

We next investigated if activation of LHA Nts neurons can promote drinking behavior in the 

face of physiologic water need, e.g. dehydration. Water bottles were removed from the cages 

of mice expressing hM3D(Gq)-mCherry in LHA Nts neurons just prior to the dark cycle 

(when mice drink most of their daily water), thereby causing dehydration. The following 

morning the dehydrated mice were treated with VEH or CNO then water bottles were 

returned to assess drinking. As expected, dehydrated VEH-treated control mice drank water 
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when it was restored, but CNO-mediated activation of LHA Nts neurons promoted 

significantly more water intake (Figure 2A). We next evaluated whether physiologic 

hydration status impacted LHA Nts neuronal control of feeding and body weight. CNO-

mediated activation of LHA Nts neurons produced comparable food intake and body weight 

in consistently euhydrated (EU-EU) or dehydrated (DE-DE) mice (Figures 2B, C). By 

contrast, activation of LHA Nts neurons in dehydrated mice that are restored water (DE-EU 

mice) caused them to drink (Figure 2A) and to eat more food compared to CNO-treated 

euhydrated (EU-EU) controls (Figure 2C). In general, dehydration suppresses feeding in 

rodents (dehydration anorexia), but once water is restored they will drink and then eat 

(Watts, 1999). Accordingly, the CNO-induced drinking in formerly dehydrated mice (DE-

EU) resolves their dehydration-induced anorexia to reinstate feeding. Although re-hydrated 

LHA Nts activated mice consumed more water and food they only exhibited a trend for 

higher body weight compared to the euhydrated (EU-EU) and dehydrated (DE-DE) controls. 

These data suggest that activation of LHA Nts neurons can induce water intake even beyond 

physiologic need.

3.3. Activation of LHA Nts neurons promotes liquid intake regardless of palatability

LHA Nts neurons robustly induce water intake but we sought to determine if they also 

induce intake of other consumable liquids, and if the palatability of the liquid influences 

intake. To test this, mice expressing hM3D(Gq)-mCherry in LHA Nts neurons were treated 

with VEH or CNO, then their water bottle was replaced with one containing either 

hypertonic saline (2% NaCl, Figures 3A-C) or 0.014% quinine solution (Figure 3D-F). 

Liquid intake, food intake and body weight were measured 4 hours later. Acute activation of 

LHA Nts neurons significantly increased intake of 2% NaCl that increased body weight, but 

did not induce food intake (Figure 3A-C). Since mice find 2% NaCl palatable in the short 

term (Bachmanov et al., 2002), these data show that activation of LHA Nts neurons can 

promote intake of palatable liquids, not just water. Similarly, CNO-mediated activation of 

LHA Nts neurons also promoted consumption of non-palatable quinine solution compared to 

VEH-treated controls (Figure 3D) and acutely increased body weight (Figure 3E). 

Intriguingly, only the CNO-stimulated quinine intake was accompanied by an increase in 

feeding (Figure 3F), while consumption of an innocuous liquid (water) or a palatable liquid 

(2% NaCl) did not. It is possible that mice eat chow to counteract the bitter taste of the 

quinine. Overall, these data suggest that activation of LHA Nts neurons promotes intake of 

any available water-based solution regardless of its taste.

3.4. Mice with activated LHA Nts neurons prefer water or palatable solutions

LHA Nts neurons are sufficient to drive intake of innocuous (water), palatable and 

unpalatable liquids, but this could occur via distinct mechanisms. LHA Nts neurons might 

promote liquid intake by increasing the physiological drive to obtain any liquid, possibly in 

an effort to cool the body. Alternately, activation of LHA Nts neurons might enhance 

preference for a liquid, which could also spur intake. To explore the latter possibility, mice 

expressing hM3D(Gq)-mCherry in LHA Nts neurons were treated with VEH or CNO during 

2-bottle preference tests over 48 hours. First mice were given 48-hours of ad libitum access 

to water and 2% NaCl. Although 2% NaCl is acutely palatable, prolonged consumption 

causes osmotic dehydration, an unpleasant state that rodents are eager to resolve by drinking 
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water (Watts, 1999). Hence, in this extended access experiment, 2% NaCl is a 

physiologically dehydrating liquid that mice should avoid drinking. VEH and CNO-treated 

mice exhibited a similar < 50% preference for prolonged hypertonic 2% NaCl, indicating 

that LHA Nts-activated mice avoided 2% NaCl in favor of water (Figure 4A). Yet, activation 

of LHA Nts neurons resulted in a significant increase in water intake compared to 2% NaCl 

over 48-hours, showing that induction still spurred drinking behavior (Figure 4B). No 

significant changes in body weight (Figure 4C) or feeding were observed 48 hours later 

(Figure 4D). Thus, these data show that LHA Nts neurons (unlike other orexigenic LHA 

populations) selectively promote intake of water that does not promote weight gain.

We then tested if activation of LHA Nts neurons modified preference for a liquid that is 

normally not preferred due to its bitter taste, 0.014% quinine. Preference for quinine was 

similarly low (<30%) in VEH and CNO-treated mice, indicating that mice avoided drinking 

quinine solution and preferred drinking water (Figure 5A). CNO-mediated activation of 

LHA Nts neurons robustly stimulated water intake, showing that this system remains 

sufficient to induce drinking, and even modestly increased quinine intake (Figure 5B). 

Despite the increased liquid intake, mice with activated LHA Nts neurons did not exhibit 

weight gain over 48 hours (Figure 5C) and, in fact, showed a nearly significant reduction in 

feeding (Figure 5D, p = 0.0528). Thus, although activation of LHA Nts neurons will 

promote intake of quinine if it is the only liquid available, water is still preferred over this 

unpalatable substance. Together, the quinine and 2% NaCl data confirm that activation of 

LHA Nts neurons does not indiscriminately promote liquid intake, but does increase 

drinking drive that demands to be satisfied, as possible.

Lastly, we investigated whether the increased drinking drive that occurs due to activating 

LHA Nts neurons could modify preference for palatable solutions, in this case a 1 %sucrose 

solution. VEH and CNO-treated mice prefer sucrose to water (>50% preference) but CNO-

mediated activation of LHA Nts neurons significantly increased sucrose preference 

compared to the VEH-treated controls (Figure 6A). While LHA Nts activation promoted 

increased intake of sucrose and water, the mice consumed significantly more sucrose 

solution than water (Figure 6B). Importantly, the mice did not gain weight over this time 

despite increased caloric intake from the sucrose (Figure 6C). LHA Nts activated mice also 

consumed less food (Figure 6D), perhaps because they were ingesting extra calories via the 

sucrose solution and no longer needed to derive as many calories from food. In sum, these 

data indicate that activation of LHA Nts neurons is sufficient to induce drinking behavior, 

but that water or palatable solutions are preferred over physiologically dehydrating or 

unpalatable liquids.

4. Discussion

The LHA has long been recognized as essential for feeding and drinking behaviors, yet there 

remains much to understand about how the molecularly diverse LHA populations mediate 

these behaviors. Most of the characterized LHA populations promote intake of both food 

and water (Clegg et al., 2003; Domingos et al., 2013; Inutsuka et al., 2014; Jennings et al., 

2015;McGregor et al., 2011; Navarro et al., 2015; Nieh et al., 2015; Sakamaki et al., 2005; 

Watts and Sanchez-Watts, 2007; Yamanaka et al., 1999), but other recently described 
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populations restrain feeding without modulating water intake (Laque et al., 2015; Leinninger 

et al., 2009; Qualls-Creekmore et al., 2017). Thus, ingestive behaviors can be separately 

regulated by some LHA populations, but a population that biased for drinking behavior was 

yet to be described. Here we found that LHA Nts neurons are such a population because 

they strongly induce drinking but not feeding. Moreover, activation of LHA Nts neurons is 

sufficient to induce drinking behavior regardless of fluid balance status or the palatability of 

a single provided liquid. However, LHA Nts-induced drinking is informed by the 

physiologic valence and palatability of whatever liquids are available to drink, such that 

palatable or non-dehydrating liquids are preferred. Hence, LHA Nts neurons are a novel 

LHA population to bias for drinking over feeding. Going forward, it will be important to 

define the mechanisms by which LHA Nts neurons control drinking behavior to understand 

normal physiology and if disruption of LHA Nts neurons contributes to aberrant fluid 

balance states that threaten health, such as dehydration or excessive water ingestion.

Given that LHA Nts neurons can promote drinking behavior it will be useful to determine 

which precise signals mediate this physiology. Although we refer to them as “LHA Nts 

neurons”, the neurons express Nts and some also express the neuropeptides galanin (Laque 

et al., 2013; Qualls-Creekmore et al., 2017), CRH (Watts and Sanchez-Watts, 2007) and the 

neurotransmitter GABA (Patterson et al., 2015). It remains to be determined how each of 

these releasable transmitters contributes to LHA Nts-induced physiology and if there is a 

certain signal that mediates drinking behavior. CRH is a logical candidate via which LHA 

Nts neurons might regulate drinking behavior, based on its regulation in dehydration 

anorexia (Watts, 1992). The role of LHA Nts-induced Nts itself will be particularly 

important to investigate, given that Nts has been documented both as a dipsogenic (Hawkins 

et al., 1989) and anorectic (Boules et al.,2000; Cooke et al., 2009; Luttinger et al., 1982; 

Sahu et al., 2001) neuropeptide. LHA Nts-induced promotion of drinking may be partially 

mediated through the release of Nts and actions via the neurotensin receptor 1 (NtsR1) 

(Woodworth et al., 2017). Alternatively, Nts released from LHA Nts neurons may act via 

neurotensin receptor 2 (NtsR2). In the future, reagents to modulate the expression and 

function of NtsR1 or NtsR2 in a site-specific manner will be useful to determine if Nts 

modulates drinking behavior via either of these receptor isoforms. Furthermore, it is possible 

that the immediate effects of activating LHA Nts neurons (promoting drinking) and the 

delayed suppression of feeding (Woodworth et al., 2017) are mediated by distinct signals or 

pathways. Indeed, since signaling via NtsR1 is necessary for the LHA Nts-mediated 

suppression of feeding, but exerts a modest effect on drinking (Woodworth et al., 2017), Nts 

signaling may primarily contribute to regulating feeding. Alternately, other LHA Nts 

neuron-released neurotransmitters and/or neuropeptides may account for the immediate 

changes in drinking behavior, whereas long-term alteration of transcription or intracellular 

signaling (due in part to NtsR1) may be required to restrain feeding. Going forward, it will 

be important to determine how each of the releasable signals within LHA Nts neurons 

contribute to the control of drinking and/or feeding, and if there are dissociable mechanisms 

to control specific ingestive behaviors.

Our data show that LHA Nts neurons are sufficient for inducing drinking but further studies 

are required to determine if they are also necessary for drinking behavior and water 

homeostasis. The brain must coordinate osmosensory status with motivated behavior (e.g. 
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the act of seeking and consuming water) to appropriately regulate body water balance. Given 

that lesioning the LHA causes adipsia (Morrison et al., 1958; Stricker, 1976) that persists 

even in the face of severe dehydration, this area likely contributes to coordinating 

physiologic water need and intake behavior. Indeed, the LHA receives input from 

osmosensory regions and projects to numerous brain areas that could modulate goal directed 

behaviors, including the ventral tegmental area (VTA) (Brown et al., 2017; Opland et al., 

2013; Woodworth et al., 2017), the locus coeruleus (Laque et al., 2015), the preoptic area 

(Chou et al., 2002; Zuure et al., 2016) and the paraventricular hypothalamic nucleus (PVH) 

(Wu et al., 2015). Thus, it is not unreasonable that Nts neurons within the LHA might 

contribute to coordinating physiologic drinking, and their role in this process will be 

important to determine. Since osmoregulatory-linked drinking behavior is crucial for 

survival, however, it is highly likely that there are redundant mechanisms to modulate 

drinking behavior, including within the LHA. For example, LHA OX neurons are modulated 

by changes in fluid balance, and experimental activation of OX neurons induces water as 

well as food intake (Inutsuka et al., 2014; Watts and Sanchez-Watts, 2007).

LHA Nts neurons might conceivably be downstream targets of the neural circuitry that 

mediates need-based physiologic fluid intake (Bourque, 2008; Sladek and Johnson, 2013). 

LT neurons of the subfornical organ (SFO), median preoptic area (MnPO) and organum 

vasculosum of the latera terminalis (OVLT), monitor osmolality and precipitate changes in 

fluid intake, although the behavioral actuators are thought to be outside of the LT (Augustine 

et al.,2018; Matsuda et al., 2016). Since LT neurons project to the LHA (Goto et al., 2005; 

Hahn and Swanson, 2012, 2010; Saper et al., 1979) they could directly engage LHA Nts 

neurons to induce drinking behavior, though this has yet to be explored. Our current 

experiments using DREADD-mediated activation of LHA Nts neurons, however, may have 

masked their contributions to physiologic drinking behavior. For example, DREADD-

mediated activation of LHA Nts neurons increased water consumption in dehydrated mice 

beyond physiologic need (Figure 2A), but such experimentally sustained activation is not 

likely to reflect the dynamics of normal physiologic regulation. Thirst-induced activation of 

LHA Nts neurons might be expected to attenuate once water balance has been restored. For 

example, thirst-activated SFO neurons are inhibited by GABAergic MnPO neurons 

immediately after fluid ingestion, and act as a brake to prevent drinking beyond homeostatic 

need (Augustine et al., 2018; Zimmerman et al., 2016). Thus, the sustained experimental 

activation of LHA Nts neurons in our studies may have prevented observance of an 

inhibitory brake in dehydrated mice, and could account for their enhanced drinking beyond 

homeostatic need. Future circuit based work is needed to determine if osmosensory neurons 

specifically project to LHA Nts neurons, and if their activity is temporally modulated with 

water need.

It is also possible that LHA Nts neurons mediate purely motivational aspects of drinking 

behavior, hence they may be sufficient to induce drinking but not required for maintenance 

of water homeostasis. Indeed, our finding that LHA Nts activation increased sucrose 

preference (Figure 6A) indicates that these neurons can enhance non-need based intake, 

possibly via altering motivation. Since LHA Nts neurons project to midbrain dopamine 

neurons (Brown et al., 2017; Opland et al., 2013; Woodworth et al., 2017) that modulate 

goal-directed behaviors, they are anatomically positioned to regulate motivated behaviors. 
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Yet, motivational systems are also important for resolving homeostatic disruption. For 

example, recent work shows that dopamine neurons track physiologic hydration status, and 

only liquid intake that satisfied physiologic need caused increases in dopamine signaling 

(Fortin and Roitman, 2018). Thus, one possibility is that LHA Nts neurons engage dopamine 

systems to modulate motivated fluid intake to resolve physiologic need, but are also 

sufficient to induce motivated drinking beyond physiologic need (accounting for the 

enhanced intake of sucrose solution). Intriguingly, however, activation of LHA Nts neurons 

suppresses the motivation to obtain sucrose pellets in fasted mice (Woodworth et al., 2017). 

Therefore, it is possible that LHA Nts neurons differentially modify intake of caloric foods 

vs. liquids, and that promoted drinking can be additionally enhanced by palatability. By this 

rationale, it would be intriguing to determine if LHA Nts activation similarly increases 

intake of a palatable but calorically irrelevant solution such as saccharin. If palatability is 

sufficient to enhance intake, we would expect that saccharin and sucrose solutions would be 

similarly preferred. However, if the caloric-content of the solution and post-ingestive effects 

impact intake, then saccharin might be less preferred compared to sucrose. These questions 

will be important to address in future work.

Our current study focused on understanding how LHA Nts neurons modify drinking 

behavior, but going forward it will be important to determine if these neurons also engage 

endocrine mechanisms to modulate fluid balance. The two most well studied hormones in 

water balance are angiotensin II and vasopressin. Systemic and central angiotensin injection 

promotes drinking (Epstein et al., 1970; Fitzsimons et al., 1978; Tanaka et al., 2001), and it 

is possible that this system might intersect with LHA Nts neurons to induce water intake. 

Given that circulating angiotensin signaling via osmosensory regions (Almeida et al., 1999; 

Camargo et al., 2000; Tanaka et al., 2003) precedes changes in adrenergic signaling in the 

LHA, the physiologic effects of angiotensin II may occur prior to any induction of LHA Nts 

neurons. On the other hand, vasopressin neurons are important contributors to peripheral 

water balance, and dehydration-induced increases in vasopressin decrease excretion of water 

through the kidneys to conserve water (Bourque, 2008). By contrast, LHA Nts-induced 

drinking leads to water-excretion, as shown by decreased urine osmolality (Figure 1E). 

Therefore, it is possible that activation of LHA Nts neurons might suppress vasopressin 

neurons so as to dissipate the increased water load via excretion. In the future, circuit tracing 

and temporal assessments of angiotensin II and vasopressin will be useful to determine if 

LHA Nts neurons engage and modulate endocrine drinking systems.

We cannot yet determine whether LHA Nts-induced drinking is a response to elevated body 

temperature in an effort to cool the body. Our current data indicate that activation of LHA 

Nts neurons may sustain increased body temperature in mice. This possibility is consistent 

with prior work showing that activation of LHA Nts neurons increases locomotor activity 

and energy expenditure (Woodworth et al., 2017), both of which might maintain elevated 

body temperature as we saw in this study. Notably, however, our data suggest that LHA Nts 

neurons do not contribute to the Nts-mediated hypothermia that is observed with systemic or 

central Nts treatment (Bissette et al., 1976; Feifel et al., 2010; Martin et al., 1980). This is 

important because it suggests that LHA Nts neurons do not mediate all of the disparate 

physiology that has been ascribed to Nts (Schroeder and Leinninger, 2018), and that they 

may exert discrete facets of Nts-mediated signaling. Given that hypothermia and 

Kurt et al. Page 11

Neuropharmacology. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hypotension are induced by systemic and central Nts, the absence of LHA Nts-induced 

hypothermia raises hope that LHA Nts neurons may avoid such adverse physiologic effects. 

In sum, the unique role of LHA Nts neurons in specifically promoting drinking behavior 

suggests that these neurons serve a unique role amongst the LHA populations and within Nts 

signaling. Future studies to elaborate the signals and circuits whereby LHA Nts neurons 

modulate behavior may be useful to inform development of treatments for maladaptive 

drinking behaviors.
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Highlights

• Activation of LHA Nts neurons is sufficient to promote voracious drinking.

• Activation of the LHA Nts neurons biases for fluid consumption over food 

intake

• LHA Nts neuronal activation induces drinking of any provided liquid

• LHA Nts neuron-activated mice prefer water over dehydrating or unpalatable 

liquids.

• LHA Nts neuron-activated mice prefer palatable liquids over water.
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Figure 1. Acute activation of the LHA Nts neurons promotes water intake, but not food intake.
(A) Representative image of m-Cherry immunofluorescence in the LHA of NtsCre mice, 

confirming bilateral expression of hM3Dq-mCherry within LHA Nts neurons. Area within 

the dashed lines indicates the LHA. 3V - 3rd ventricle, mt-mammillothalamic tract, f- fornix, 

ic - internal capsule. 4X magnification. (B-F) Unless otherwise indicated on the graph, n=8. 

Significant differences were determined by unpaired t-tests. (B) Body weight change 4 hours 

fter i.p. VEH and CNO injections. p=0.0003. (C) Consumed water 4 hours after i.p. VEH or 

CNO injections. p<0.0001. (D) Consumed food 4 hours after i.p. VEH or CNO injections. 

p=0.5908. (E) Urine osmolality change 4 hours after i.p. VEH or CNO injections. p=0.0395. 

(F) Rectal temperature after i.p. injection of VEH or CNO. “+” indicates a time at which 

temperature was significantly different from t=0 and “*” indicates significant difference 

between VEH and CNO at the same time point. 2-way RM-ANOVA for change within a 

treatment group, t=0 vs t=i: F (5, 70) = 6.967, p<0.0001; (time) F (5, 70) = 6.572, p<0.0001; 
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(treatment) F (1, 14) = 5.917, p=0.0290. Sidak`s multiple comparison: (VEH) t=0 vs t=5min 

p=0.9680, t=0 vs t=10min p=0.4706, t=0 vs t=15min p=0.0354, t=0 vs t=30min p=0.1552, 

t=0 vs t=120min p=0.0092; (CNO) t=0 vs t=5min p= 0.9680, t=0 vs t=10min p= 0.1162, t=0 

vs t=15min p=0.0041, t=0 vs t=30min p= 0.0692, t=0 vs t=120min p=0.0036. 2-way RM-

ANOVA for CNO versus VEH: F (5,35) = 16.38, p<0.0001; (time) F (5, 35) = 4.173, 

p=0.0044; (treatment) F (1, 7) = 38.71, p=0.0004. Sidak`s multiple comparison: VEH vs 

CNO at t=5min p= 0.6008, VEH vs CNO at t=10min p= 0.0763, VEH vs CNO at t=15min 

p= 0.0763, VEH vs CNO at t=30min p= 0.2674, VEH vs CNO at t=120min p<0.0001. 

*p<0.05; ***p<0.001; ****p<0.0001.
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Figure 2. Acute activation of the LHA Nts neurons increases drinking beyond physiologic need
n=8 for all panels. EU-EU: mice with access to water for the entire study. DE-EU: mice that 

were dehydrated overnight then restored water just after treatment with VEH or CNO. DE-

DE: mice that were dehydrated overnight and after treatment with VEH or CNO. (A) 
Dehydration-induced drinking 5 hours after i.p. injection of VEH or CNO in overnight 

dehydrated (DE) mice upon restoration of water (DE-EU mice). ***p=0.0005. (B) Body 

weight change 5 hours after i.p. injection of VEH or CNO. 2-way RM-ANOVA (2×3) for 

interaction of hydration status and njection condition, F (2, 14) = 1.171, p=0.3387. 

Hydration status: F (2, 14) = 15.58, p=0.0003. Dunnett’s multiple comparisons test for the 

difference between EU-EU (CNO) and DE-EU (CNO), p=0.0764. Injection condition: F (1, 

7) = 2.112, p=0.1894 (C) Total food intake 5 hours after i.p. injection of VEH or CNO in 

overnight dehydrated. Dunnett’s multiple comparisons test for the difference between EU-

EU (CNO) and DE-EU (CNO), p=0.0359. Sidak`s multiple comparisons test for the 

difference between DE-EU (VEH) and DE-EU (CNO), p=0.0018. 2-way RM-ANOVA (2×3) 

for interaction of hydration status and injection condition, F (2, 12) = 1.414, p=0.2809. 

Injection condition: F (1, 6) = 4.13, p=0.0884. Hydration status: F (2, 12) = 1.989, p=0.1795. 

“+” indicates significant difference between groups within a treatment and “*” indicates 

significant difference within the group between different treatments.
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Figure 3. Acute activation of LHA Nts neurons promotes intake of available liquids.
Graphed data shows the mean ± SEM, n=8. Significant differences were determined by 

unpaired t-tests. (A) 2% NaCl solution intake 4 hours after i.p. VEH or CNO injections, 

p<0.0001. (B) Body weight change 4 hours after i.p. VEH or CNO injections during acute 

2% NaCl consumption, p=0.0051. (C) Food consumption 4 hours after i.p. VEH or CNO 

injections during acute 2% NaCl consumption, p=0.1031. (D) 0.014% quinine solution 

intake 4 hours after i.p. VEH or CNO injections, p=0.0272. (E) Body weight change 4 hours 

after i.p. VEH or CNO injections during acute 0.014% quinine consumption, p=0.0358 (F) 
Food consumption 4 hours after i.p. VEH or CNO injections during acute 0.014% quinine 

consumption, p=0.0495. *p<0.05, **p<0.01, ****p<0.0001.
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Figure 4. Activation of LHA Nts neurons does not alter NaCl solution preference.
Graphed data shows the mean ± SEM, n=8. 48-hour 2-bottle preference test in which one 

bottle contains water and the other contains 2% NaCl. All statistical tests are two-tailed 

paired t-test with alpha: 0.05. (A) 2% NaCl solution preference [t(7)=0.7271, p=0.4908]. (B) 
Water intake [t(7)=3.334, p= 0.0125] and 2% NaCl solution intake [t(7)=2.287, p=0.0560]. 

(C) Body weight change over 48 hours [ t(7)=1.657, p=0.1414] (D) Food intake [t(7)=1.189, 

p=0.2732]. “+” indicates significant difference between the consumption of different liquids 

with the same treatment and “*” indicates significant difference in consumption of the same 

liquid between different treatments. *p<0.05, +p<0.05
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Figure 5. Activation of LHA Nts neurons does not alter quinine solution preference.
Graphed data shows the mean ± SEM, n=8. 48-hour 2-bottle preference test in which one 

bottle contains water and the other contains 0.014% quinine. All statistical tests are two-

tailed paired t-test with alpha: 0.05. (A) 0.014% quinine preference, [t(7)=0.8685, 

p=0.4139]. (B) Water intake [t(7)=2.833, p=0.0253] and 0.014% quinine solution intake, 

[t(7)=5.274, p=0.0012]. VEH induced water vs quinine consumption: t(7)=4.41, p=0.0031. 

CNO-induced water vs quinine consumption: t(7)=4.549, p=0.0026. (C) Body weight 

change in 48 hours [t(7)=0.2587 p=0.8033]. (D) Food intake, [ t(7)=2.328, p=0.0528]. “+” 

indicates significant difference between the consumption of different liquids with the same 

treatment and “*” indicates significant difference in consumption of the same liquid between 

different treatments. *p<0.05, **p<0.01, ++ p<0.01.
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Figure 6. Sucrose preference is increased when LHA Nts neurons are activated.
Graphed data shows the mean ± SEM, n=7. 48-hour 2-bottle preference test in which one 

bottle contains water and the other contains 1% sucrose. All statistical tests are two-tailed 

paired t-test with alpha: 0.05. (A) Sucrose preference, ****p<0.0001. [ t(6)=16.48, 

p<0.0001] (B) 1% sucrose intake [t(6)=11.74 , p<0.0001] and water intake [t(6)=1.202, 

p=0.2746]. VEH-induced water vs1% sucrose solution consumption: t(6)=8.955, p=0.0001. 

CNO-induced water vs 1% sucrose solution consumption: t(6)=9.896, p<0.0001. (C) Body 

weight change in 48 hours, [t(6)=1.584, p=0.1642]. (D) Food intake [ t(6)=4.822, p=0.0029]. 

“+” indicates significant difference between the consumption of different liquids with the 

same treatment and “*” indicates significant difference in consumption of the same liquid 

between different treatments. **p<0.01, ****p<0.0001, +++p<0.001, ++++p<0.0001.
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