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Abstract  28 

 29 

The internal environment of an organism must remain stable to ensure optimal performance 30 

and ultimately survival. The generation of motivated behaviors is an adaptive mechanism for 31 

defending homeostasis. While physiological state modulates motivated behaviors, the influence 32 

of physiological state on phasic dopamine signaling, an underlying neurobiological substrate of 33 

reward-driven behavior, is underexplored. Here, we use sodium depletion and water 34 

restriction, manipulations of body fluid homeostasis, to determine the flexibility and specificity 35 

of dopamine responses. Changes in dopamine concentration were measured using fast-scan 36 

cyclic voltammetry in the nucleus accumbens shell of male rats in response to intraoral 37 

infusions of fluids that either satisfied or did not satisfy homeostatic need. Increases in 38 

dopamine concentration during intraoral infusions were observed only under conditions of 39 

physiological deficit. Furthermore, dopamine increases were selective and limited to those 40 

which satisfied the need state of the animal. Thus, dopamine neurons track fluid balance and 41 

respond to salt and water stimuli in a state and taste-dependent manner. Using Fluorogold 42 

tracing and immunohistochemistry for c-Fos and Foxp2, a marker of sodium-deprivation 43 

responsive neurons, we revealed brainstem populations of neurons that are activated by 44 

sodium depletion and project directly to the VTA. The identified projections may modulate 45 

dopamine neuron excitability and consequently the state-specific dopamine release observed in 46 

our experiments. This work illustrates the impact of physiological state on mesolimbic 47 

dopamine signaling and a potential circuit by which homeostatic disruptions are communicated 48 

to mesolimbic circuitry to drive the selective reinforcement of biologically-required stimuli 49 

under conditions of physiological need.  50 

 51 

 52 

 53 

 54 

 55 

 56 
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 57 

Significance Statement  58 

 59 

Motivated behaviors arise during physiological need and are highly selective for homeostasis-60 

restoring stimuli. While phasic dopamine signaling has been shown to contribute to the 61 

generation of motivated behaviors, the state and stimulus specificity of phasic dopamine 62 

signaling is less clear. These studies use thirst and sodium appetite to show that dopamine 63 

neurons dynamically track body fluid homeostasis and respond to water and salt stimuli in a 64 

state and taste-dependent manner. We also identify hindbrain sodium deprivation-responsive 65 

neurons that project directly to the ventral tegmental area, where dopamine neuron cell bodies 66 

reside. This work demonstrates command of homeostasis over dopamine signaling and 67 

proposes a circuit by which physiological need drives motivated behavior by state and taste-68 

selective recruitment of phasic dopamine signaling.  69 

70 
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Introduction  71 

 72 

In response to physiological need, central circuits are recruited to direct behavior towards the 73 

approach and consumption of restorative stimuli. This is perhaps best illustrated by sodium 74 

appetite, the avid consumption of solutions containing the sodium ion following sodium 75 

deprivation (Richter, 1936). Under conditions of sodium deprivation (Sodium Deplete), animals 76 

will work for sodium (Wagman, 1963; Quartermain et al., 1967; Zhang et al., 1984) and 77 

approach predictors of sodium (Clark and Bernstein, 2006; Robinson and Berridge, 2013; Cone 78 

et al., 2016). When in positive sodium balance (Sodium Replete), such efforts are not observed. 79 

In fact, rats will actively avoid highly concentrated sodium chloride (NaCl) solutions unless they 80 

are sodium deplete (Nachman, 1962; Handal, 1965). Accompanying the change in intake 81 

behavior observed in sodium deplete animals is a marked increase in the palatability of NaCl 82 

(Berridge et al., 1984). In this way, sodium appetite powerfully demonstrates how the value of a 83 

biologically required stimulus is dynamically modulated by physiological state and represents an 84 

opportunity to gain insight into the neural basis of motivated behavior.  85 

Sodium deplete animals must be able to identify and discriminate stimuli in order to ingest 86 

those that are physiologically required. The highly refined gustatory system of rats allows for 87 

the immediate detection of NaCl during sodium appetite (Breslin et al., 1993; Spector et al., 88 

1996). Sodium deplete rats selectively consume NaCl over other non-sodium salt solutions like 89 

potassium chloride (KCl), illustrating that the taste system is sufficient to discriminate chemical 90 

differences on a single ion-level (Spector et al., 1996). The physiologically-prompted and 91 

directed nature of motivated behavior (Stellar and Stellar, 1985) requires that underlying 92 

circuitry is in tune to sensory encoding of stimuli and the physiological state of the animal. 93 

While the central circuits that identify disruptions in body fluid homeostasis and those that 94 

respond to taste are well characterized (Thornton and Norgren, 2016), the translation of that 95 

information into motor plans directed at the seeking and selective consumption of targeted 96 

stimuli is poorly understood. 97 
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The nucleus accumbens (NAc) converts motivation into action through cortical, limbic and 98 

thalamic afferents and motor-related efferents (Mogenson et al., 1980; Groenewegen et al., 99 

1999; Meredith et al., 2008). The NAc shell subregion in particular has been implicated in 100 

encoding primary affective stimuli (Peciña et al., 2006). Appetitive stimuli, including the taste of 101 

hypertonic sodium under sodium deplete conditions, recruit differential firing patterns of NAc 102 

shell neurons relative to less palatable stimuli (Roitman et al., 2005; Loriaux et al., 2011). 103 

Pharmacological suppression of NAc shell neural activity increases appetitive orofacial 104 

responses to palatable tastes and promotes the initiation of nutrient-directed behaviors (Peciña 105 

and Berridge, 2000; Kelley, 2004; Mahler et al., 2007). Structures downstream to the NAc shell 106 

are differentially driven by sodium under deplete versus replete conditions (Smith and Berridge, 107 

2007; Chang et al., 2017). Dopamine, which modulates the activity of the NAc (Nicola et al., 108 

2000), is critical for NAc plasticity (Surmeier et al., 2011), is sufficient for positive reinforcement 109 

(Steinberg et al., 2014) and is a well-supported neural substrate of goal-directed behavior 110 

(Schultz et al., 1997; Carelli, 2004). While NAc dopamine is responsive to primary rewarding 111 

stimuli (Roitman et al., 2008), it remains unclear if it selectively responds to stimuli that are only 112 

reinforcing under a particular set of physiological conditions.  113 

 114 

We utilized sodium appetite and thirst to test the state and stimulus specificity of NAc shell 115 

dopamine signaling. We hypothesized that increases in phasic dopamine release, measured by 116 

fast-scan cyclic voltammetry (FSCV), would be evoked only by the taste of a biologically 117 

required stimulus (i.e. sodium chloride for a Sodium Deplete rat and water for a Water 118 

Restricted rat). We also identified two cell populations that sense sodium deprivation and 119 

project directly to the ventral tegmental area (VTA). These projections represent a component 120 

of a potential circuit by which sodium deprivation facilitates dopamine signaling and the 121 

motivated behavior observed during sodium appetite.  122 

 123 

Materials and Methods 124 

  125 

 Subjects  126 
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 127 

Adult, male Sprague Dawley rats (n=124) weighing ~350 g at the time of testing were used. Rats 128 

were individually housed in plastic cages with lights on from 7 AM to 7 PM. All FSCV testing 129 

took place in standard operant chambers (Med Associates, Inc.) during the light phase. Animals 130 

were given ad libitum access to standard laboratory chow (2010 Teklad global 18% protein diet) 131 

and tap water, unless otherwise noted. Details for housing as well as food and water access 132 

during the experiment can be found under “Manipulations of Body Fluid Homeostasis”. All 133 

tested animals were naïve to manipulations of body fluid homeostasis and intraoral infusions at 134 

the time of testing. Animal care and use was in accordance with the National Institute of Health 135 

(NIH) Guide for the Care and Use of Laboratory Animals and was approved by the Institutional 136 

Animal Care and Use Committee at the University of Illinois at Chicago. 137 

 138 

 Surgery 139 

 140 

Animals used to investigate NAc phasic dopamine signaling patterns during intraoral fluid 141 

delivery (n=80) were surgically prepared for FSCV and intraoral infusions. Animals were 142 

anesthetized with intraperitoneal (IP) ketamine hydrochloride (100 mg/kg) and xylazine 143 

hydrochloride (10 mg/kg). An in-depth description of the surgical preparation of animals for 144 

FSCV is described elsewhere (Fortin et al., 2015). Briefly, a FSCV cannula (Bioanalytical Systems) 145 

was implanted above the NAc shell using coordinates [+1.7 mm anterior-posterior (AP), 0.9 mm 146 

medial-lateral (ML), and -2.5 mm dorsal-ventral (DV)] obtained from the rat brain atlas of 147 

Paxinos and Watson (Paxinos and Watson, 2007). A chlorinated silver (Ag/AgCl) reference 148 

electrode was placed in the contralateral cortex. A bipolar stimulating electrode (0.20-mm 149 

diameter; Plastics One) was implanted into the VTA (-5.2 mm AP, +0.8 mm ML, -8.4 mm DV 150 

from the brain surface). All implants were secured with stainless steel surgical screws and 151 

dental cement.  152 

 153 

To measure dopamine release patterns in the seconds before, during, and after the sensory 154 

experience of taste, we implanted all FSCV-prepared animals (n=80) with intraoral catheters to 155 
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directly infuse discrete boluses of tastants into the oral cavity (Grill and Norgren, 1978). Beyond 156 

allowing for analysis of dopamine release patterns during discrete time-locked taste exposures, 157 

this technique permitted examination of dopamine signaling in animals that were not 158 

motivated to consume the tested stimuli either because they did not have a physiological need 159 

for the stimulus (e.g. Sodium Replete) or because the tested stimulus did not satisfy the need 160 

state (e.g. KCl for a sodium deplete rat). Briefly, a catheter was constructed from ~6 cm of PE-161 

100 tubing (Scientific Commodities, Inc.). One end of the catheter was flanged using a flame 162 

and a Teflon washer was fitted over the flanged end. A hypodermic needle was fitted to the 163 

other end, and the needle was inserted just anterolateral to the first maxillary molar and 164 

drawn, subcutaneously out the top of the scalp through a small (~5 mm) incision. The catheter 165 

was drawn through the oral cavity until the washer lay flush against the molar. The catheter 166 

was secured in place with the addition of a second washer fitted over the exteriorized portion 167 

of the catheter and secured in place using epoxy. Following surgery, rats were injected with 168 

subcutaneous (SC) meloxicam (1 mg/Kg). Rats were given 5-7 days of postoperative recovery 169 

time. All animals returned to pre-surgical body weight during this time. In order to maintain 170 

catheter patency, intraoral catheters were flushed daily with distilled water throughout the 171 

post-operative period.  172 

 173 

Animals used to investigate c-Fos activity of VTA projecting neurons (n=7) were anesthetized 174 

with intraperitoneal (IP) ketamine hydrochloride (100 mg/kg) and xylazine hydrochloride (10 175 

mg/kg). A trephine drill bit was used to remove the skull over the VTA (AP: -5.6 mm, ML: -0.5 176 

mm). A custom injector was used to iontophoretically (5 μA, 7 s on/7 s off, 10 min) deliver the 177 

retrograde tracer Fluorogold (FG; 2%, Fluorochrome) to the VTA (DV: 8 mm from skull) using a 178 

current pump (Digital Midgard Precision Current Source, Stoelting Co). Injectors were made by 179 

using a glass puller to create a taper on a capillary tube (1.0 mm x 0.5 mm, 4”, A-M Systems). 180 

The taper was cut under 10X magnification using a scalpel such that the diameter of the taper 181 

was 20 mm. After the current was terminated, the injector remained in situ for an additional 5 182 

min to allow for residual diffusion before it was removed. The scalp of the rat was sutured 183 

closed. Following surgery, rats were injected with SC meloxicam (1 mg/Kg). Rats were given 5-7 184 
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days of postoperative recovery time. All animals returned to pre-surgical body weight during 185 

this time. 186 

 187 

 Manipulations of Body Fluid Homeostasis  188 

 189 

Sodium Depletion: Animals (n=63) were made sodium deplete by two, equal volume injections, 190 

spaced 1hr apart, of the diuretic furosemide (20 mg/mL, 0.5 mL/kg, SC, Sigma Aldrich). 191 

Furosemide treatment is a well-established method of sodium depletion that causes rapid 192 

diuresis and expression of a sodium appetite (Fitzsimons, 1998). Animals tested in a replete 193 

state (n=36) were injected with vehicle (100% DMSO) in place of furosemide. All injections were 194 

spaced one hour apart. FSCV recordings, the two-bottle intake test or sacrifice for 195 

immunohistochemistry (IHC, see below) began 24 hours after the first injection. During the 24-196 

hr depletion period, all animals were housed in hanging wire-bottomed cages to prevent the 197 

ingestion of urine. 198 

 199 

Prior to injections, food and water were removed and the rats were weighed. Diuresis was 200 

evaluated by weighing the animal 2 hours following the first injection. Animals were deemed 201 

‘Sodium Deplete’ if they lost at least 15 grams of body weight during the two-hour period 202 

following furosemide injection. At this time, sodium deplete animals were provided ad libitum 203 

distilled water and sodium deficient diet (Teklad Sodium Deficient Diet; Harlan). Sodium 204 

Replete animals were provided with ad libitum water and standard laboratory chow.  205 

 206 

Water Restriction: Both Water Restricted (n=15) and Ad Libitum watered (n=10) animals were 207 

housed in hanging wire bottomed cages for the 24 hours preceding the FSCV recording session. 208 

During this time water restricted animals were provided with only ad libitum standard rodent 209 

chow. Ad libitum watered animals were provided with ad libitum standard rodent chow and 210 

water. Water restriction was confirmed by weighing the animals following the restriction 211 

period. Animals were included in analysis if they lost at least 15 grams of body weight during 212 

this 24-hr period.  213 
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 214 

 Fast-scan Cyclic Voltammetry Session 215 

 216 

Prior to FSCV testing, the intraoral cannula was flushed with water to ensure patency. The 217 

intraoral cannula was then connected to an infusion line that ran through an electric swivel 218 

(for FSCV recording) and then through a fluid swivel and outside a sound attenuated 219 

chamber to ensure freedom of movement. The infusion line was connected to a solenoid 220 

valve before terminating at reservoir containing either a salt solution (0.45 M NaCl, 0.15 M 221 

NaCl, 0.15 M KCl, 0.15 M LiCl) or distilled water. Solutions were gravity fed and the height of 222 

the reservoir was adjusted such that opening the solenoid valve for 4 s resulted in 200 l of 223 

fluid delivered to the rat.   224 

 225 

FSCV recording sessions in awake and behaving animals are described in detail elsewhere 226 

(Fortin et al., 2015). Briefly, rats (n=80) were connected to a FSCV head-mounted 227 

voltammetric amplifier in a sound-attenuated standard operant chamber (Med-Associates, 228 

Inc.) by both their FSCV recording electrode and Ag/AgCl reference electrode. The FSCV 229 

carbon-fiber recording electrode was lowered into NAc shell dopamine terminals by means 230 

of a micromanipulator (Research Resource Center, UIC). A triangular voltage waveform was 231 

applied to the carbon-fiber (from −0.4 to 1.3 to −0.4  V relative to the Ag/AgCl reference 232 

electrode, 400 V/s, 60 Hz) for 30 minutes to allow for electrode equilibration. The rate was then 233 

changed to 10 Hz for 15 minutes before data acquisition and remained at that frequency 234 

throughout. Application of each waveform resulted in a background current, which was 235 

subtracted from the current resulting from the oxidation and reduction of dopamine evoked 236 

during recording. Current changes resulting from the oxidation and reduction of dopamine 237 

were converted into concentration changes using a calibration factor obtained from exposing 238 

the electrode to a known concentration of dopamine after data collection concluded (Sinkala et 239 

al., 2012). Application of the waveform as well as current measurements were computer 240 

controlled (National Instruments, Austin, TX and Tarheel CV, UNC Electronics Facility).  241 

 242 
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While continuously sampling dopamine release patterns in the NAc shell, remotely 243 

controlled (Med Associates, Inc) intraoral infusions occurred. The solenoid valve was opened 244 

(flow rate= 50 μl/s) for 4 seconds to allow for discrete infusions (200 μl) of either a salt 245 

solution or distilled water to the mouth of the rat. Each experimental session consisted of 10 246 

discrete intraoral infusions with a variable intertrial interval (range: 30-90 s, mean: 60 ± 8.2 247 

s) to prevent anticipation of delivery. Following the intraoral infusion session, the VTA was 248 

electrically stimulated at 120 μA with a range of frequencies (30-60 Hz) and pulse numbers 249 

(5,8,10, 20, 24). Cyclic voltammograms (CV; current by voltage plots) from electrically evoked 250 

dopamine and pH changes were later used to extract dopamine concentration changes 251 

throughout the session (see FSCV Data Analysis). FSCV hardware and intraoral cannula were 252 

disconnected and rats were returned to hanging wire-bottom cages for 24-hr post-recording 253 

measurements of food intake, fluid intake and body weight.  254 

 255 

At the conclusion of experiments, rats were deeply anesthetized with sodium pentobarbital 256 

(100 mg/kg; Sigma-Aldrich). A polyamide-insulated stainless steel electrode (A-M Systems, Inc.) 257 

was lowered through the guide cannula to the same depth as the recording electrode and 258 

current was passed to create an electrolytic lesion. Next, brains were extracted and stored in 259 

formalin for 24 hours before transferring them to 30% sucrose in 0.1 M phosphate buffer. 260 

Brains were then sectioned (35uM) on a cryostat. Coronal sections were mounted on slides. 261 

Light microscopy, together with the rat atlas of Paxinos and Watson (Paxinos and Watson, 262 

2007) were used to determine the location of the electrolytic lesion. Only those recordings 263 

sites verified to have been in the NAc shell were analyzed. 264 

 265 

 Two-Bottle Intake Test  266 

 267 

Removal of the adrenal glands prevents sodium retention and leads to the development of a 268 

chronic sodium appetite (Richter, 1936; Epstein and Stellar, 1955). Two-bottle intake tests 269 

performed in adrenalectomized rats have reported that sodium deplete rats have a strong 270 

preference for NaCl over KCl but equally prefer NaCl and LiCl (Nachman, 1962). Here, we 271 
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investigated whether similar preferences are obtained with acute, furosemide-depleted rats. All 272 

rats (n=29) were made 24-hr sodium deplete. Diuresis was confirmed in all animals as described 273 

above. A two-bottle intake test was conducted in hanging wire bottom cages. Rats were 274 

presented with two graduated cylinder sipper tubes containing isomolar (0.15 M) solutions of 275 

either KCl and NaCl (n=14) or LiCl and NaCl (n=15). Placement of the NaCl-containing sipper 276 

tube on the right or left-hand side of the cage was pseudorandomly counterbalanced. Rats 277 

were allowed 10 minutes to voluntarily consume the solutions. 278 

 279 

 Immunohistochemistry (IHC)  280 

 281 

Sodium Deplete (n=7) and Sodium Replete (n=8) animals were sacrificed for 282 

immunohistochemistry. Rats were deeply anesthetized with sodium pentobarbital (100 mg/kg; 283 

Sigma-Aldrich) and then transcardially perfused with 0.9% saline followed by 4% 284 

paraformaldehyde in 0.1 M sodium phosphate buffer (Sigma-Aldrich), pH 7.4. Brains were 285 

removed and stored in 4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4 for 24 286 

hours before being transferred to 20% sucrose in sodium phosphate buffer. Brains were cut on 287 

a cryostat (35 μm) into three serial sets.  288 

 289 

Coronal sections through the pons were processed for native Fluorogold fluorescence and 290 

immunohistochemical detection of FoxP2 (forkhead box protein P2) and c-Fos. Free floating 291 

sections were washed three times with a 0.1 M sodium phosphate buffer. They were next 292 

incubated for one hour at room temperature in a blocking solution containing 3% normal 293 

donkey serum (Jackson ImmunoResearch) and 0.3% Triton-X (Sigma-Aldrich) in 0.1 M sodium 294 

phosphate buffer. Sections were then incubated overnight at room temperature in an 295 

antibody cocktail [1:2500 sheep anti-FoxP2 (R and D Systems Cat# AF5647, 296 

RRID:AB_2107133) and 1:2000 rabbit anti-c-Fos, (Cell Signaling Technology Cat#2250, 297 

RRID:AB_2247211)] containing 3% normal donkey serum and 0.3% Triton-X.  298 

 299 
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After the overnight primary antibody incubation, sections were washed three times with 0.1 300 

M sodium phosphate buffer. They were next incubated for four hours at room temperature 301 

in a secondary antibody [1:500 of both Cy3 donkey anti-sheep and Alexa Fluor 488 donkey 302 

anti-rabbit (Jackson ImmunoResearch Labs)] solution in 3% normal donkey serum and 0.3% 303 

Triton-X. Sections were washed three times with a 0.1 M sodium phosphate buffer before 304 

being wet mounted onto Superfrost Plus microscope slides (Fisher Scientific) for imaging. Dry 305 

coronal sections were imaged under 200X magnification on an Olympus FV1000 microscope. 306 

Separate photographs of were taken of Fluorogold, FoxP2 and c-Fos expression under blue, 307 

red and green fluorophore excitation, respectively, using an X-Cite XLED1 light source 308 

(Excelitas Technologies). 309 

 310 

 Experimental Design and Statistical Analysis   311 

  312 

Fast-scan Cyclic Voltammetry Session: Individual infusion trials (5 s preceding and 10 s following 313 

the onset of the intraoral infusion) were isolated from the entirety of the experimental session. 314 

Trials were background-subtracted and dopamine concentration changes were extracted using 315 

template CVs obtained from VTA stimulation, a current to concentration conversion factor 316 

obtained through a post-calibration step (Sinkala et al., 2012) and principal component analysis 317 

(Heien et al., 2004). The average dopamine concentration during the 5 seconds prior to infusion 318 

(baseline, -5 to 0 s) was compared to the average dopamine concentration during the 4 second 319 

infusion period (infusion, 0 to 4 s). Individual animals’ average dopamine concentration during 320 

each epoch (i.e. baseline and infusion) are plotted. Statistical comparisons of average dopamine 321 

concentration during the baseline and infusion periods were conducted for each intraoral 322 

stimulus in Sodium Replete, Sodium Deplete, Ad Libitum and Water Restricted rats using two-323 

way ANOVAs (epoch x group) with Tukey’s HSD post-hoc tests where appropriate. Statistical 324 

analyses were performed in the programming language R. 325 

 326 

Two-Bottle Intake Test: Intake of each solution during the 10-minute test was measured. 327 

Cumulative intake was calculated by adding intake volumes of the two solutions. Preference 328 
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scores for the non-sodium salt were calculated for each animal (intake volume of non-sodium 329 

salt/ total intake volume). Cumulative intake and preference scores of rats presented with LiCl 330 

and NaCl were compared to rats presented with KCl and NaCl using a two-tailed Student’s t-331 

tests. All group data are expressed as mean ± SEM. 332 

 333 

Immunohistochemistry: For Fluorogold-injected animals (n=7), coronal sections though the 334 

VTA were examined for native Fluorogold fluorescence. Only rats with Fluorogold injection 335 

sites restricted to the VTA were included in subsequent analysis. For all IHC analyses, three 336 

sections per animal for each region of interest within the pons (pre-locus coeruleus, pre-LC; 337 

inner segment of the external lateral parabrachial nucleus, PBel-inner) were quantified. Coronal 338 

sections most anatomically representative of the pre-LC and PBel-inner were selected by a 339 

treatment-blind experimenter. Regions of interest were selected on the basis of past work 340 

indicating the anatomical location of sodium deprivation-responsive FoxP2 neurons (Geerling et 341 

al., 2011). Adobe Photoshop was used to merge images taken under blue (Fluorogold), red 342 

(FoxP2) and green (c-Fos) fluorophore excitation. A counting boundary for each regions of 343 

interest was drawn around the pre-LC and PBel-inner. For the pre-LC, a circle with a diameter of 344 

400 μm was positioned with its lateral edge bordering the most medial region of the tract of 345 

the mesencephalic trigeminal nucleus. For the PBel-inner, a rectangle (350 μm x 210 μm), was 346 

positioned along the ventral border of the superior cerebellar peduncle with its medial edge 347 

bordering the most lateral region of the peduncle. The counting boundaries for both the pre-LC 348 

and PBel-inner are slightly more restrictive, yet overlap, with previously published reports 349 

(Geerling et al., 2011). Cell counts were made for FoxP2, c-Fos and double-labeled (FoxP2+/c-350 

Fos+) neurons in both regions of interest (pre-LC and Pbel-inner). Counts were made in Adobe 351 

Photoshop and entered into a Microsoft Excel spreadsheet by a treatment-blind experimenter. 352 

Total cell number counts of individual animals (Tables 1 and 2) are graphically represented by 353 

open circles (Figures 4B-C and Figure 5B-C) and reflective of the sum of the cells counted within 354 

the region of interest of the three quantified coronal sections. Average cell number counts 355 

(Figure 4B-C and 5B-C) are group data, expressed as the mean ± SEM. Cell number comparisons 356 

were made within each region using two-way ANOVAs (marker x group) with Tukey’s HSD post-357 
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hoc tests where appropriate. All other statistical comparisons for IHC data (Figure 4D and Figure 358 

5D-F) were made using two-way ANOVAs (region x group) with Tukey’s HSD post-hoc tests 359 

where appropriate. Statistical analyses were performed in R. 360 

 361 

Results  362 

 363 

Phasic dopamine responses to intraoral fluid stimuli are state-dependent 364 

 365 

Figure 1 represents average dopamine responses in the NAc shell to intraoral infusion of 0.45 M 366 

NaCl in Sodium Deplete and Sodium Replete rats. Average color plots [depicting current (color) 367 

as a function of applied electrode potential (Eapp; y-axis) and time (s; x-axis)] were generated to 368 

visualize the average dopamine response across all 10 infusion trials of Sodium Replete (n=5) 369 

and Sodium Deplete (n=5) rats. In Sodium Replete rats, current at the known oxidation 370 

potential for dopamine (~0.65 V) decreases in response to intraoral infusion of 0.45 M NaCl. In 371 

contrast, intraoral infusion of 0.45 M NaCl in Sodium Deplete rats causes an increase in current 372 

at ~0.65 V and a decrease in current at ~-0.2 V – the peak oxidation and reduction potentials for 373 

dopamine. To reinforce this point, the average background subtracted cyclic voltammogram 374 

(CV; current by voltage plot) taken at the offset of the intraoral infusion compares favorably to 375 

that obtained in in vitro studies with known concentrations of dopamine (Heien et al., 2004) for 376 

Sodium Deplete (Figure 1B; black trace) but not Sodium Replete (Figure 1B, grey trace) rats. 377 

 378 

Statistical analyses of dopamine responses to intraoral infusions included comparisons of epoch 379 

[baseline (-5 to On) and infusion (On to Off; 4 s)] and group [e.g. Replete and Deplete]. Here, 380 

statistical analyses revealed a main effect of epoch [F(1,8)=5.86; p=0.04], no main effect of 381 

group [F(1,8)=3.48; p=0.1], and a significant interaction of epoch and group [F(1,8)=24.44; 382 

p=0.001]. While intraoral infusion of 0.45M NaCl in Sodium Replete rats (n=5) caused a modest 383 

decrease in dopamine concentration relative to baseline (Figure 1C), the average dopamine 384 

concentration during the infusion period was not significantly different from the average 385 

baseline dopamine concentration (6.7 ± 3.4 vs 15.9 ± 6.9 nM for Infusion and Baseline periods, 386 
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respectively; p=0.35; Figure 1D). However, in Sodium Deplete rats (n=5), intraoral infusion of 387 

the same hypertonic sodium solution (0.45M NaCl) caused a markedly different dopamine 388 

response: a sharp and sustained increase in dopamine concentration relative to baseline (Figure 389 

1C). The dopamine concentration during the infusion period observed in these animals was 390 

significantly different relative to baseline dopamine concentration (37.7 ± 7.5 vs 10.8 ± 2.4 nM 391 

for Infusion and Baseline periods, respectively; p=0.004; Figure 1D). There were no baseline 392 

differences in dopamine concentration between Sodium Replete and Sodium Deplete rats 393 

(p=0.91). Histology confirmed that all recordings from Sodium Replete and Sodium Deplete rats 394 

were made in the NAc shell (Figure 1E). 395 

 396 

Similarly to the state-dependent dopamine response to hypertonic NaCl, intraoral infusion of 397 

distilled water in Ad Libitum and Water Restricted rats revealed a main effect of epoch 398 

[F(1,8)=8.17; p=0.02] but not group [F(1,8)=1.45; p=0.26] and a significant interaction of epoch 399 

and group [F(1,8)=22.12; p=0.002]. While water infusion in Ad Libitum watered rats (n=5) 400 

caused a modest decrease in dopamine concentration relative to baseline (Figure 2A), the 401 

average dopamine concentration during the infusion period was not significantly different from 402 

the average baseline dopamine concentration (10.9 ± 3.6 vs 15.8 ± 3.4 nM for Infusion and 403 

Baseline periods respectively; p=0.58; Figure 2B). However, in Water Restricted rats (n=5), 404 

intraoral infusion of distilled water caused a markedly different response: a sharp and sustained 405 

increase in dopamine concentration relative to baseline (Figure 2A). The dopamine 406 

concentration during the infusion period observed in these animals was significantly different 407 

relative to baseline dopamine concentration (28.5 ± 4.3 vs 8.2 ± 2.4 nM; p=0.003; Figure 2B). 408 

There were no baseline differences in dopamine concentration between Ad Libitum and Water 409 

Restricted rats (p=0.43). Histology confirmed that all recordings from Ad Libitum and Water 410 

Restricted rats were made in the NAc shell (Figure 2C). 411 

 412 

Furosemide-treated rats discriminate NaCl and KCl but not NaCl and LiCl 413 

 414 
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A two-bottle preference test in Sodium Deplete rats revealed no group differences in 415 

cumulative intake when comparing rats that received KCl and NaCl (n=14) to those that 416 

received LiCl and NaCl (n=15; 10.4 ± 1.8 vs 10.5 ± 1.5 mL respectively; p=0.96). Rats presented 417 

with KCl and NaCl had a strong preference for NaCl (preference score for non-sodium = 0.1 ± 418 

0.04). However, rats presented with LiCl and NaCl had no preference for LiCl over NaCl 419 

(preference score for non-sodium salt = 0.6 ± 0.09). The preference scores for the two groups of 420 

rats tested were significantly different from each other (p=0.00002). Taken together, these 421 

results suggest that furosemide-treated rats fail to discriminate NaCl from LiCl but do 422 

discriminate between NaCl and KCL. From the two-bottle intake test, clear predictions can be 423 

made regarding the dopamine responses to intraoral salt solutions in Sodium Deplete rats, with 424 

only NaCl and LiCl evoking phasic dopamine increases.  425 

 426 

State-dependent dopamine responses are taste-specific 427 

 428 

Two-way ANOVAs revealed no epoch or group effects for rats infused with either 0.15 M KCl 429 

[F(1,9)=1.89, p=0.2 for epoch and F(1,9)=0.59, p=0.46 for group] or H2O [F(1,9)=1.13, p=0.31 for 430 

epoch and F(1,9)=0.06, p=0.81 for group). Therefore, there were no differences between the 431 

average dopamine concentration during the infusion period and the baseline period for either 432 

Sodium Replete (n=6; 11.5 ± 1.7 vs 14.6 ± 2.7 nM) or Sodium Deplete (n=5; 15.4 ± 2.9 vs 17.3 ± 433 

5.4 nM) rats infused with KCl (Figure 3A-B). The same was true of H2O infused rats (Sodium 434 

Replete: n=5 13.6 ± 2.2 vs 18.6 ± 3.3 nM; Sodium Deplete: n=6, 15.6 ± 3.1 vs 14.6 ± 3.3 nM; 435 

Figure 3A-B).  436 

 437 

In contrast, there were main effects of epoch [F(1,10)=8.87, p=0.01] and group [F(1,10)=9.39; 438 

p=0.01] and an interaction of epoch and group [F(1,10)=5.73; p=0.04] for rats receiving 0.15 M 439 

NaCl. The interaction was mediated by a significant increase in dopamine concentration during 440 

the infusion period relative to baseline in Sodium Deplete rats (n=6; 40.4 ± 8.2 vs 13.6 ± 2.0 nM; 441 

p=0.02). Dopamine concentration during the infusion period relative to baseline in Sodium 442 

Replete rats receiving 0.15 M NaCl  was unchanged (n=6; 16.0 ± 2.8 vs 13. 1 ± 1.9 nM; p=0.97; 443 
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Figure 3A-B). The sharp and sustained increase in dopamine concentration relative to baseline 444 

observed in Sodium Deplete rats replicates findings presented in Figure 1, albeit with a lower 445 

concentration of ingested NaCl to match the concentrations of other salts used in this 446 

experiment. Critically, there was also a main effect of epoch [F(1,9)=16.22; p=0.003) and an 447 

interaction between epoch and group [F(1,9)=16.12; p=0.003) for rats receiving 0.15 M LiCl. The 448 

interaction was mediated by a significant increase in dopamine concentration during the 449 

infusion period relative to baseline in Sodium Deplete rats (n=5; 34.0 ± 6.6 vs 16.7 ± 3.9 nM; p= 450 

0.002). Similar to NaCl, dopamine concentration during the infusion period relative to baseline 451 

in Sodium Replete rats receiving 0.15 M LiCl was unchanged (n=6; 13.4 ± 3.5 vs 13.4 ± 2.2; 452 

p=1.0; Figure 3A-B). There were no differences in baseline dopamine concentration between 453 

Sodium Replete and Sodium Deplete rats that were infused with NaCl (p=0.99) or LiCl (p=0.94). 454 

Histology confirmed that all recordings from Sodium Replete and Sodium Deplete rats were 455 

made in the NAc shell (Figure 3C). 456 

 457 

To further explore state-taste interactions, Water-Restricted rats were infused with 0.45M NaCl 458 

(n=5). While this led to a modest increase in dopamine concentration relative to baseline, a 459 

student’s t-test revealed that the difference was not significant (16. 9 ± 2.9 vs 6.8 ± 1.5 nM; 460 

p=0.07). Histology confirmed that all recordings made from Water Restricted rats infused with 461 

0.45 M NaCl were made in the NAc shell. 462 

 463 

Furosemide-induced sodium depletion increases c-Fos expression within FoxP2 neurons of the 464 

pre-LC and PBel-inner 465 

 466 

A subset of cells within the pre-LC and PBel-inner express the transcription factor FoxP2 and 467 

respond to chronic sodium deprivation with increases in c-Fos expression (Geerling et al., 2011). 468 

To investigate communication of these sodium-appetite sensing cells with mesolimbic circuitry, 469 

we first confirmed that acute, furosemide-induced, sodium depletion similarly increases 470 

neuronal activity of pre-LC and PBel-inner Foxp2 neurons. Expression of FoxP2 and c-Fos 471 

(‘marker’) was observed in the pre-LC and PBel-inner of both Sodium Replete and Sodium 472 
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Deplete rats (Table 1 and Figure 4A-C). Within the pre-LC, there were main effects of marker 473 

[F(1,6)=205.75; p<0.0001] and group [F(1,6)=18.45; p=0.005] and an interaction between 474 

marker and group [F(1,6)=28.15; p=0.002]. Post-hoc tests revealed no significant differences in 475 

the number of FoxP2 neurons in the pre-LC in Sodium Replete and Sodium Deplete rats (134.0 ± 476 

6.5 vs 156.5 ± 17.2 neurons for Sodium Replete vs Deplete rats, respectively; p=0.44; Table 1 477 

and Figure 4B). Sodium depletion did, however, cause an increase in c-Fos expression within the 478 

pre-LC (100.5 ± 7.7 vs 12.3 ± 3.5 neurons for Sodium Deplete vs Replete rats, respectively; 479 

p=0.0009; Table 1 [c-Fos+ (total)] and Figure 4B). 480 

 481 

Within the PBel-inner, there were main effects of marker [F(1,6)=202.57; p<0.0001] and group 482 

[F(1,6)=26.17, p=0.002] but no interaction between marker and group [F(1,6)=2.15; p=0.19]. 483 

Sodium Deplete and Sodium Replete rats had comparable numbers of Foxp2 neurons in the 484 

PBel-inner (138.5 ± 13.7 vs 168.3 ± 7.8 neurons for Sodium Replete vs Deplete rats, 485 

respectively; p=0.10; Table 1 and Figure 4B), but sodium depletion caused an increase in c-Fos 486 

expression within the PBel-inner (61.5 ± 4.4 vs 7.3 ± 2.3 neurons for Sodium Deplete vs Replete 487 

rats, respectively; p=0.003; Table 1 [c-Fos+ (total)], Figure 4B). 488 

 489 

To determine whether sodium depletion changed the percentage of FoxP2 neurons (FoxP2+) 490 

that co-expressed c-Fos (FoxP2+/c-Fos+) in the pre-LC or PBel-inner, a two-way ANOVA was 491 

conducted. Main effects were found for region [F(1,6)=114.63; p<0.0001], group 492 

[F(1,6)=162.04; p<0.0001] and an interaction between region and group [F(1,6)=78.74; 493 

p=0.0001]. Importantly, sodium depletion caused a significant increase in c-Fos within Foxp2 494 

neurons of both the pre-LC (63.0 ± 3.1 vs 5.7 ± 2.1% for Sodium Deplete vs Replete rats 495 

respectively; p<0.0001) and PBel-inner (35.4 ± 3.7 vs 3.1 ± 1.02% for Sodium Deplete vs Replete 496 

rats, respectively; p=0.0001; Figure 4C). Consistent with previous reports (Geerling et al., 2011), 497 

almost all c-Fos expressing neurons in the pre-LC (96.8 ± 0.9%) and PBel-inner (95.9 ± 1.5%) of 498 

Sodium Deplete animals were FoxP2+.  499 

 500 



 

 
 

19 

Furosemide-induced sodium depletion increases c-Fos expression in FoxP2 neurons of the pre-501 

LC and PBel-inner that project to the VTA 502 

 503 

Excitability of the VTA represents one way to modulate NAc dopamine release (Sombers et al., 504 

2009; Owesson-White et al., 2012). As pre-LC and PBel-inner Foxp2 neurons project directly to 505 

the VTA, we aimed to investigate sodium-appetite induced activation of these projections (Shin 506 

et al., 2011). The retrograde tracer Fluorogold was delivered iontophoretically to the VTA 507 

(Figure 5G). Labeled cell bodies were observed in the pre-LC and PBel-inner of rats that were 508 

sacrificed in a Sodium Replete (n=4) or Sodium Deplete (n=3) state (Table 2, Figure 5A-C). This 509 

finding is consistent with previous work identifying direct projections from these structures to 510 

the VTA (Shin et al., 2011). Expression of FoxP2 and c-Fos was also observed in the pre-LC and 511 

PBel-inner of both Sodium Replete and Sodium Deplete rats (Table 2 and Figure 5A-C). To 512 

compare the expression of FoxP2, c-Fos and Fluorogold (“marker”) between Sodium Deplete 513 

and Sodium Replete rats, two-way ANOVAs were conducted for each region of interest. Within 514 

the pre-LC, there were main effects of marker [F(1,5)=84,37; p=0.0002], group [F(1,5)=18.88; 515 

p=0.007] and an interaction between marker and group [F(1,5)=25.97;p=0.004]. Main effects 516 

were mediated by a significant increase in the number of c-Fos cells within the pre-LC (142.0 ± 517 

11.2 vs 8.3 ± 3.4 neurons for Sodium Deplete vs Replete rats, respectively; p=0.0001; Table 2 518 

and Figure 5B). In contrast, the number of FoxP2 (153.8 ± 12.4 vs 192.0 ± 27.0 FoxP2 neurons 519 

for Sodium Replete vs Deplete rats, respectively; p=0.16; Table 2 and Figure 5B) and Fluorogold 520 

labeled cells (68.0 ± 4.3 vs 85.0 ± 10.3 neurons for Sodium Replete vs Deplete, respectively; 521 

p=0.73; Table 2, Figure 5B) within the pre-LC were not significantly different between Sodium 522 

Deplete and Sodium Replete rats. Comparing PBel-inner expression profiles of FoxP2, c-Fos and 523 

Fluorogold between Sodium Deplete and Sodium Replete rats, we found a main effect of 524 

marker [F(1,5)=32.12; p=0.001]. The main effect was mediated by a significant increase in the 525 

number of c-Fos cells within the PBel-inner (69.7 ± 5.9 vs 10.8 ± 3.1 neurons for Sodium Deplete 526 

vs Replete rats, respectively, p=0.02; Table 2 and Figure 5C). In contrast, the number of FoxP2 527 

(132.5 ± 22.0 vs 142.0 ± 19.5 neurons for Sodium Replete and Deplete rats, respectively; 528 

p=0.95; Table 2 and Figure 5C) and Fluorogold labeled cells (48.8 ± 7.4 vs 45.0 ± 3.8 neurons for 529 
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Sodium Replete vs Deplete, respectively; p=0.99, respectively; Table 2, Figure 5C) within the 530 

PBel-inner did not significantly differ between Sodium Deplete and Sodium Replete rats. 531 

 532 

A two-way ANOVA was conducted to analyze sodium depletion-induced differences in the 533 

percentage of Fluorogold expressing neurons (FG+) that co-express FoxP2 (FG+/FoxP2+) in either 534 

the pre-LC or PBel-inner. There were no main effects of region or group (p’s>0.05) and the 535 

percentages of Fluorogold and FoxP2 co-expressing cells in the pre-LC (67.2 ± 7.4 vs 86.4 ± 1.8% 536 

for Sodium Replete vs Deplete rats, respectively; p=0.63; Figure 5D) and PBel-inner (50.0 ± 16.7 537 

vs 61.7 ± 25.9% for Sodium Replete vs Deplete rats, respectively; p=0.84; Figure 5D) were 538 

comparable.  539 

 540 

A two-way ANOVA was conducted to determine whether sodium depletion changed the 541 

percentage of FoxP2 neurons (FoxP2+) that co-expressed c-Fos (FoxP2+/c-Fos+) in the pre-LC or 542 

PBel-inner. We found main effects for region [F(1,5)=8.47; p=0.03], group [F(1,5)=281.81; 543 

p<0.0001] and an interaction between region and group [F(1,5)=12.02; p=0.02]. Importantly, 544 

sodium depletion caused a significant increase in c-Fos within Foxp2 neurons of both the pre-LC 545 

(71.7 ± 3.2 vs 3.61 ± 1.6% for Sodium Deplete vs Replete rats respectively; p<0.0001) and PBel-546 

inner (49.1 ± 7.1 vs 5.6 ± 0.9% for Sodium Deplete vs Replete rats, respectively; p<0.0001; 547 

Figure 5E). These findings replicate what we observed above (Figure 4) and, consistent with 548 

previous reports (Geerling et al., 2011), almost all c-Fos expressing neurons of the pre-LC (95.4 549 

± 2.4%) and PBel-inner (97.3 ± 2.1%) of Sodium Deplete animals were FoxP2+. We extended 550 

these findings by analyzing the percentage of Fluorogold and FoxP2 co-localized neurons 551 

(FG+/FoxP2+) that express c-Fos (FG+/FoxP2+/c-Fos+) within both the pre-LC and PBel-inner. A 552 

two-way ANOVA revealed a main effect of group [F(1,5)= 412.25; p<0.0001) but no effects of 553 

region [F(1,5)=0.07; p=0.8) nor an interaction between region and group [F(1,5)=5.79; p=0.06]. 554 

Post-hoc tests revealed that sodium depletion increases the percentage of Fluorogold and 555 

FoxP2 co-localized neurons that express c-Fos within both the pre-LC (88.6 ± 1.3 vs 6.8 ± 4.1% 556 

for Sodium Deplete vs Replete rats, respectively; p<0.0001) and PBel-inner (75.2 ± 0.2 vs 25.6 ± 557 

5.9% for Sodium Deplete vs Replete rats, respectively; p=0.0006; Figure 5F). Thus, VTA-558 



 

 
 

21 

projecting FoxP2+ neurons in the pre-LC and PBel-inner are activated following sodium 559 

deprivation.  560 

 561 

Discussion 562 

 563 

Motivated behaviors are aroused by homeostatic perturbation and are directed at 564 

physiologically required stimuli (Stellar and Stellar, 1985). Challenges to body fluid homeostasis 565 

are ideal for understanding the neural basis of motivation as sodium appetite and thirst prompt 566 

ingestion  that is specifically directed at sodium or water, respectively. While the 567 

neurotransmitter dopamine has long been studied in the context of motivation, it remains 568 

unclear how dopamine neurons are recruited by deprivation states and whether dopamine 569 

responses are stimulus selective. By generating the drive states of sodium appetite and thirst, 570 

we show that phasic dopamine responses to body fluid homeostasis-restoring stimuli are both 571 

state-dependent and taste-specific. We also provide support for a potential circuit by which 572 

body fluid homeostasis is relayed to mesolimbic circuitry.  573 

 574 

The mesolimbic system participates in: valence and value encoding and responses (Peciña et al., 575 

2006; Hamid et al., 2016), conditioning and reinforcement (Tsai et al., 2009; Steinberg et al., 576 

2013), reward seeking (Wassum et al., 2013; Fischbach-Weiss et al., 2017) and goal-directed 577 

behavior (Phillips et al., 2003; Roitman et al., 2004; du Hoffmann and Nicola, 2014). Collectively, 578 

these processes are thought to promote approach and consumption of nutrients based on 579 

‘hedonics’ whereas intake based on physiological need is thought to be driven by ‘homeostatic’ 580 

(e.g. hypothalamic) circuitry (Tulloch et al., 2015). However, such dissociation of hedonic and 581 

homeostatic processes is challenged by the apparent integration of homeostatic perturbations 582 

by dopamine neurons. For example, food restriction enhances burst firing of dopamine neurons 583 

via post-synaptic mechanisms (Branch et al., 2013). Hunger and its hormonal proxies augment 584 

dopamine release in the NAc during feeding (Wilson et al., 1995) and in response to discrete 585 

food delivery (Cone et al., 2014). By directly [via hormone receptors on dopamine neurons (Liu 586 

and Borgland, 2015)] or indirectly [via projections to the VTA from energy balance-relevant 587 
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nuclei (Rossi and Stuber, 2018)] monitoring changes in energy balance, the dopamine system is 588 

well positioned to reinforce approach and consumption in the service of homeostasis.  589 

 590 

Similarly to hunger, (Branch et al., 2013; Cone et al., 2014), evidence supports increased 591 

dopamine signaling by challenges to body fluid homeostasis. Sodium deprivation and related 592 

hormones decrease dopamine reuptake (Figlewicz et al., 1999; Roitman et al., 1999b; Lucas et 593 

al., 2000), resulting in prolonged extracellular dopamine (Cragg and Rice, 2004; Sulzer et al., 594 

2016). Additionally, dopamine production and release may be increased by sodium depletion-595 

associated hormonal manipulations (Grafe and Flanagan-Cato, 2016). However, studies which 596 

directly measure the effects of sodium depletion on dopamine signaling dynamics are limited 597 

(Cone et al., 2016). Moreover, the role of phasic dopamine signaling in thirst is unknown. By 598 

pairing FSCV with intraoral taste infusions, we directly compared the state-dependency of 599 

dopamine release patterns in the NAc shell during the sensory experience of salt or water 600 

ingestion in states of fluid balance, thirst and sodium appetite. Only under the conditions of 601 

sodium depletion and water restriction do NaCl and water stimuli, respectively, evoke increases 602 

in dopamine concentration (Figures 1 and 2), highlighting the influence of physiological state 603 

over the processing of sensory stimuli by the dopamine system.  604 

  605 

In addition to being prompted by homeostatic challenge, motivated behaviors are directed 606 

specifically at stimuli which satisfy physiological need. The taste system has evolved to permit 607 

sensory identification and discrimination. We hypothesized that the taste of NaCl or water is 608 

selectively reinforced during sodium appetite and thirst and expected phasic dopamine 609 

responses to be tuned to taste qualities of the presented ingesta. Gustatory processing occurs 610 

first in the oral cavity (Spector et al., 1996; Chandrashekar et al., 2006), and, as demonstrated 611 

here, discrimination of taste stimuli is maintained by mesolimbic circuitry. Under Sodium 612 

Deplete conditions, intraoral NaCl, but not KCl or water, elicits an increase in dopamine 613 

concentration from baseline within the NAc shell (Figure 3). The taste transduction mechanism 614 

for the detection of NaCl involves amiloride-sensitive epithelial sodium ion channels, which are 615 

also permeable to LiCl (Spector et al., 1996; Kellenberger et al., 1999). As a result, rats that are 616 
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chronically (Nachman, 1962) or acutely (demonstrated here) sodium deplete fail to discriminate 617 

between LiCl and NaCl. Furthermore, intraoral LiCl infusion evokes phasic dopamine responses 618 

similar to those evoked by NaCl (Figure 3). Under conditions of thirst, only water significantly 619 

augments phasic dopamine signaling. The mechanism for stimulus-specificity of dopamine 620 

responses to water following thirst is less clear than the sodium specificity following sodium 621 

appetite. However, there is evidence to suggest that water is a gustatory stimulus that drives 622 

water-specific drinking responses (Rosen et al., 2010; Zocchi et al., 2017). Future work is 623 

required to determine how lingual identification of water accesses the mesolimbic system. 624 

 625 

Peripheral mechanisms exist to sense and respond to changes in sodium and water balance. 626 

Homeostatic imbalances trigger hormonal cascades to mediate the conservation, excretion and 627 

intake of sodium or water (Fitzsimons, 1972; Schulkin, 1992; Leib et al., 2016). However, the 628 

central circuits by which body fluid regulatory hormones influence the mesolimbic system to 629 

gate dopamine responses are unknown. Our studies support a circuit by which NAc dopamine 630 

release is modulated by aldosterone signaling. During sodium deprivation, hindbrain 11β-631 

hydroxysteroid dehydrogenase 2-expressing (HSD2) neurons are activated by increases in 632 

circulating aldosterone (Geerling et al., 2006). Activation of these neurons is necessary for the 633 

induction of a sodium appetite (Jarvie and Palmiter, 2016; Resch et al., 2017). HSD2 neurons 634 

project to FoxP2-expressing neurons of the pre-LC and PBel-inner (Geerling et al., 2011), which 635 

in turn, project to the VTA (Shin et al., 2011). It remains possible, however, that aldosterone 636 

modulates dopamine release through alternative circuits (Geerling and Loewy, 2006; 637 

Shekhtman et al., 2007; Shin et al., 2011) or through direct action on dopamine neurons 638 

(Roitman et al., 1999a). Additionally, aldosterone signaling is one of many hormonal 639 

contributors to the expression of a sodium appetite. It is likely that angiotensin-II, atrial 640 

natriuretic peptide, vasopressin and oxytocin also influence dopamine release through direct 641 

and/or circuit-level mechanisms (Stellar, 1993, Xiao et al., 2017).  642 

 643 

Dietary (Geerling et al., 2011) and acute pharmacological induction of sodium deprivation 644 

(Figures 4 and 5) increases activity of FoxP2-expressing pre-LC and PBel-inner neurons. Here, 645 
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we show that the activity of VTA-projecting FoxP2 neurons of both the pre-LC and PBel-inner is 646 

modulated by sodium depletion (Figure 5). Thus, demonstrated projections from these pontine 647 

nuclei to the VTA may contribute to the state-dependency of dopamine signaling during sodium 648 

appetite by increasing the excitability of the VTA and thereby facilitating dopamine release 649 

evoked by the taste of sodium. It is also possible that sodium deprivation-responsive neurons of 650 

the pre-LC and PBel-inner modulate dopamine release through a multi-synaptic projection that 651 

targets NAc dopamine terminals (Shekhtman et al., 2007), although a direct projection from 652 

pre-LC or PBel-inner FoxP2 neurons is not likely (Shin et al., 2011). Projections to the VTA or 653 

NAc from other nuclei that respond to sodium deficit [i.e. BNST(Resch et al., 2017)] remain 654 

unexplored, as are the potential sites that modulate dopamine responses to water during thirst 655 

[i.e. SFO (Matsuda et al., 2017)]. The ability of HSD2 projections, directly or through pontine 656 

relay nuclei, to alter dopamine neuron excitability, dopamine release, and arouse motivated 657 

behavior remains to be tested. While causal studies combining FSCV with optogenetic and 658 

chemogenetic approaches are necessary, our work highlights the pre-LC and PBel-inner as 659 

candidate nuclei for relaying physiological state to mesolimbic circuitry. The sites which relay 660 

taste information to the VTA should also be investigated. Nuclei of the ventral taste pathway 661 

have been implicated in the gustatory processing of sodium (Wolf and Quartermain, 1967; Cox 662 

et al., 1978; Grill et al., 1986) but the mechanism by which taste stimuli, and specifically 663 

sodium, evokes phasic dopamine responses is unknown.  664 

Recent studies have suggested that synchronous activation of VTA dopamine neurons, rather 665 

than promoting intake of nutritive stimuli, actually disrupt it. Indeed, prolonged, tonic-like (5Hz) 666 

stimulation of VTA dopamine neurons selectively suppresses sucrose consumption (Mikhailova 667 

et al., 2016). Chemogenetic activation of VTA dopamine neurons reduced feeding and increased 668 

locomotion (Boekhoudt et al., 2017). Finally, phasic, optogenetic activation of VTA dopamine 669 

neurons reduced both sodium appetite and sucrose consumption (Sandhu et al., 2018). These 670 

findings challenge the current data set. However, it is possible that less discriminate, 671 

synchronous recruitment of dopamine neurons might cloud a more selective signal that arises 672 

from the interaction between a deprivation state and the taste of the needed stimulus.  673 
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Survival requires tight control of many physiological processes, which give rise to diverse and 674 

distinct adaptive behaviors. Furthermore, the environment includes a wide variety of 675 

biologically-required stimuli. Competing drive states must be prioritized to support the 676 

approach and consumption of a highly selective subset of stimuli, given the current 677 

physiological state (Conover and Shizgal, 1994; Conover et al., 1994; Madsen and Ahmed, 678 

2015). It is therefore imperative that the neural substrates of reinforcement are sensitive to 679 

both biological need and identifying properties of environmental stimuli. As phasic dopamine 680 

signaling in the NAc is sufficient for positive reinforcement (Steinberg et al., 2013), the state 681 

and taste specific phasic dopamine signals observed here likely participate in promoting the 682 

continued consumption of homeostasis-restoring stimuli.   683 

 684 
 685 

686 
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Figure 1.  Phasic dopamine signaling evoked by hypertonic NaCl is state-dependent. A, Average 891 

color plot from all 10 trials of intraoral infusion of 0.45 M NaCl in Sodium Replete (n=5; left) and 892 

Sodium Deplete (n=5; right) rats. Color plots depict changes in current (color) as a function of 893 

applied potential (Eapp; y-axis) and time (s; x-axis). Dopamine can be observed in response to 894 

intraoral infusion (On) in Sodium Deplete rats based on its oxidation (green feature at ~0.65 V) 895 

and reduction (yellow feature at -0.2 V). B, Cyclic voltammograms (CV; current by voltage 896 

plots) averaged across each of the intraoral infusion trials conducted in Sodium Replete (grey 897 

trace) or Sodium Deplete (black trace) rats. In this and all panels to follow, shading about the 898 

trace represents  1 standard error of the mean. CVs were taken at infusion offset (Off; 4 s) and 899 

averaged. CVs were compared to the known CV for dopamine obtained using in vitro 900 

calibrations to confirm the presence (Sodium Deplete) or absence (Sodium Replete) of 901 

dopamine. C, Average dopamine concentration response in Sodium Replete (grey trace) and 902 

Sodium Deplete (black trace) rats during the 15 seconds (x-axis) surrounding the onset (On) and 903 

offset (Off) a 4-second intraoral infusion of 0.45 M NaCl. D, Average dopamine concentration 904 

during the 5-second baseline period (striped bars) vs the 4-second infusion period (solid bars) of 905 

0.45 M NaCl in Sodium Replete (grey bars) and Sodium Deplete (black bars) rats. For C-D, 906 

average dopamine concentration (mean ± SEM) is representative of 10 intraoral infusion trials. 907 

In D, dopamine concentration of individual animals during the baseline and infusion periods is 908 

represented by connected circles. E, Summary of FSCV recording locations within the NAc shell 909 

of Sodium Replete [grey circles (n=5)] and Sodium Deplete [black circles (n=5)] rats infused with 910 

0.45 M NaCl. Recording locations are depicted as circles on coronal sections modified from 911 

Paxinos and Watson (2007). Numbers to the left indicate approximate distance from bregma. 912 

**p<0.01. 913 

 914 

Figure 2. Phasic dopamine signaling evoked by water is state-dependent. A, Average dopamine 915 

concentration response in Ad Libitum (light blue trace; n=5) watered and Water Restricted 916 

(royal blue trace; n=5) rats during the 15 seconds (x-axis) surrounding the onset (On) and offset 917 

(Off) a 4-second intraoral infusion of distilled water. B, Average dopamine concentration during 918 

the 5-second baseline period (striped bars) vs the 4-second infusion period (solid bars) of 919 



 

 
 

34 

distilled water in Ad Libitum watered (light blue bars) and Water Restricted (royal blue bars) 920 

rats. For A-B, average dopamine concentration (mean ± SEM) is representative of 10 intraoral 921 

infusion trials. Dopamine concentration of individual animals during the baseline and infusion 922 

periods is represented by connected circles. C, Summary of FSCV recording locations within the 923 

NAc shell of Ad Libitum [light blue circles (n=5)] watered or Water Restricted [royal blue circles 924 

(n=5)] rats infused with distilled water. Recording locations are depicted as circles on coronal 925 

sections modified from Paxinos and Watson (2007). Numbers to the left indicate approximate 926 

distance from bregma. **p<0.01. 927 

 928 

Figure 3. Phasic dopamine signaling evoked by salt solutions is taste-dependent. A, Average 929 

dopamine concentration response in Sodium Replete (n=23; top) and Sodium Deplete (n=22; 930 

bottom) rats during the 15 seconds (x-axis) surrounding the onset (On) and offset (Off) a 4-931 

second intraoral infusion of a 0.15 M solution of NaCl (red trace), KCl (brown trace), LiCl (orange 932 

trace) or distilled H2O (green trace). B, Average dopamine concentration during the 5-second 933 

baseline period (striped bars) vs the 4-second infusion period (solid bars) of a 0.15 M salt 934 

solution or distilled H2O in Sodium Replete or Sodium Deplete rats (colors follow those used in 935 

A; NaCl: n=6 Replete/6 Deplete; KCl: n=6/5; LiCl: n=6/5; H2O: n=5/6). For A-B, average 936 

dopamine concentration (mean ± SEM) is representative of 10 intraoral infusion trials. 937 

Dopamine concentration of individual animals during the baseline and infusion periods is 938 

represented by connected circles. C, Summary of FSCV recording sites within the NAc shell of 939 

Sodium Replete rats infused with 0.15M NaCl (red circles), KCl (brown circles), LiCl (orange 940 

circles) or distilled H2O (green circles). Recording sites are depicted as circles on coronal 941 

sections modified from Paxinos and Watson (2007). Numbers to the left indicate approximate 942 

distance from bregma. *p<0.05; **p<0.01. 943 

 944 

Figure 4. Expression of FoxP2 and c-Fos within the pre-LC and PBel-inner of Sodium Replete and 945 

Sodium Deplete rats. A, Representative photoimages through the pre-LC (top row) and PBel-946 

inner (bottom row) of a Sodium Replete (left) and a Sodium Deplete (right) rat showing FoxP2 947 

(red) and c-Fos (green) immunoreactive neurons and their colocalization (yellow; larger image). 948 
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White circles and rectangles are the defined area of interest selected for quantification within 949 

the pre-LC and PBel-inner, respectively, and dashed lines represent the boundaries of 950 

neuroanatomical landmarks used to establish the region of interest. B, Average cell counts 951 

(mean ± SEM) of FoxP2 and c-Fos expressing neurons in the pre-LC of Sodium Replete (grey 952 

bars; n=4) and Sodium Deplete (black bars; n=4) rats. C, Average cell counts (mean ± SEM) of 953 

FoxP2 and c-Fos expressing neurons in the PBel-inner of Sodium Replete (grey bars; n=4) and 954 

Sodium Deplete (black bars; n=4) rats.  D, Sodium depletion increases c-Fos expression within 955 

FoxP2 expressing cells (FoxP2+/c-Fos+) of the pre-LC (left) and PBel-inner (right). For B-D, data 956 

are expressed as averages (mean ± SEM) and data points from individual animals are 957 

represented by open circles. mtV= tract of the mesencephalic trigeminal nucleus; scp= superior 958 

cerebellar peduncle; **p<0.01; ***p<0.001. 959 

 960 

Figure 5. Expression of Fluorogold (FG), FoxP2 and c-Fos within the pre-LC and PBel-inner of 961 

Sodium Replete and Sodium Deplete rats. A, Representative photoimages through the pre-LC 962 

(top row) and PBel-inner (bottom row) of a Sodium Replete (left) and a Sodium Deplete (right) 963 

rat showing FG (blue), FoxP2 (red) and c-Fos (green) immunoreactive neurons and their 964 

colocalization (larger image). Representative cells that express all three markers appear white 965 

and are indicated by arrowheads. White circles and rectangles are the defined area of interest 966 

selected for quantification within the pre-LC and PBel-inner, respectively, and dashed lines 967 

represent the boundaries of neuroanatomical landmarks used to establish the region of 968 

interest. B. Average cell counts (mean ± SEM) of FG, FoxP2 and c-Fos expressing neurons in the 969 

pre-LC of Sodium Replete (grey bars; n=4) and Sodium Deplete (black bars; n=3) rats. C, Average 970 

cell counts (mean ± SEM) of FG, FoxP2 and c-Fos expressing neurons in the PBel-inner of 971 

Sodium Replete (grey bars; n=4) and Sodium Deplete (black bars; n=3) rats. D. Sodium depletion 972 

does not change the percentage of Fluorogold expressing neurons (FG+) that co-express FoxP2 973 

(FG+/FoxP2+) in the pre-LC (left) or PBel-inner (right). E. Sodium depletion increases c-Fos 974 

expression within FoxP2 expressing cells (FoxP2+/c-Fos+) of the pre-LC (left) and PBel-inner 975 

(right). F. Sodium depletion increases the expression of c-Fos within Fluorogold and FoxP2 976 

immunopositive cells of the pre-LC (left) and PBel-inner (right). In both brain regions, Sodium 977 



 

 
 

36 

Deplete rats (black bars) have a significantly increased percentage of Fluorogold and FoxP2 978 

expressing neurons (FG+/FoxP2+) that also express c-Fos (FG+/FoxP2+/c-Fos+) relative to 979 

Sodium Replete (grey bars) rats. G. Approximate injection sites of Fluorogold in Sodium Replete 980 

(grey circles) and Sodium Deplete (black circles) rats. Injection sites are depicted as circles on 981 

coronal sections modified from Paxinos and Watson (2007). Numbers to the left indicate 982 

approximate distance from bregma. For B-F, data are expressed as averages (mean ± SEM) and 983 

data points from individual animals are represented by open circles. mtV= tract of the 984 

mesencephalic trigeminal nucleus; scp= superior cerebellar peduncle; ***p<0.001. 985 

Table 1. Expression of FoxP2 and c-Fos in the pre-LC and PBel-inner of both Sodium Replete and 986 

Sodium Deplete rats. A, Within the pre-LC, FoxP2 (FoxP2+ total) and c-Fos (c-Fos+ total) 987 

immunopositive neurons were quantified in both Sodium Replete (n=4) and Sodium Deplete 988 

(n=4) rats. Individual data along with the mean SEM is presented for each expression profile 989 

observed. B, Within the PBel-inner, FoxP2 (FoxP2+ total) and c-Fos (c-Fos+ total) 990 

immunopositive neurons were quantified in both Sodium Replete (n=4) and Sodium Deplete 991 

(n=4) rats. Individual data along with the mean SEM is presented for each expression profile 992 

observed.  993 

Table 2. Expression of Fluorogold (FG), FoxP2 and c-Fos in the pre-LC and PBel-inner of both 994 

Sodium Replete and Sodium Deplete rats. A, Within the pre-LC, Fluorogold (FG+ total), FoxP2 995 

(FoxP2+ total) and c-Fos (c-Fos+ total) immunopositive neurons were quantified in both Sodium 996 

Replete (n=4) and Sodium Deplete (n=3) rats. Individual data along with the mean SEM is 997 

presented for each expression profile observed. B, Within the PBel-inner, Fluorogold (FG+ 998 

total), FoxP2 (FoxP2+ total) and c-Fos (c-Fos+ total) immunopositive neurons were quantified in 999 

both Sodium Replete (n=4) and Sodium Deplete (n=3) rats. Individual data along with the mean 1000 

SEM is presented for each expression profile observed.  1001 
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