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Systems/Circuits

Challenges to Body Fluid Homeostasis Differentially Recruit
Phasic Dopamine Signaling in a Taste-Selective Manner

Samantha M. Fortin' and ®Mitchell F. Roitman'?
!Graduate Program in Neuroscience and 2Department of Psychology, University of Illinois at Chicago (UIC), Chicago, Illinois, 60607

The internal environment of an organism must remain stable to ensure optimal performance and ultimately survival. The generation of
motivated behaviors is an adaptive mechanism for defending homeostasis. Although physiological state modulates motivated behaviors,
the influence of physiological state on phasic dopamine signaling, an underlying neurobiological substrate of reward-driven behavior, is
underexplored. Here, we use sodium depletion and water restriction, manipulations of body fluid homeostasis, to determine the flexi-
bility and specificity of dopamine responses. Changes in dopamine concentration were measured using fast-scan cyclic voltammetry in
the nucleus accumbens shell of male rats in response to intraoral infusions of fluids that either satisfied or did not satisfy homeostatic
need. Increases in dopamine concentration during intraoral infusions were observed only under conditions of physiological deficit.
Furthermore, dopamine increases were selective and limited to those that satisfied the need state of the animal. Thus, dopamine neurons
track fluid balance and respond to salt and water stimuli in a state- and taste-dependent manner. Using Fluoro-Gold tracing and
immunohistochemistry for c-Fos and Foxp2, a marker of sodium-deprivation responsive neurons, we revealed brainstem populations of
neurons that are activated by sodium depletion and project directly to the ventral tegmental area. The identified projections may
modulate dopamine neuron excitability and consequently the state-specific dopamine release observed in our experiments. This work
illustrates the impact of physiological state on mesolimbic dopamine signaling and a potential circuit by which homeostatic disruptions
are communicated to mesolimbic circuitry to drive the selective reinforcement of biologically-required stimuli under conditions of
physiological need.
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Motivated behaviors arise during physiological need and are highly selective for homeostasis-restoring stimuli. Although phasic
dopamine signaling has been shown to contribute to the generation of motivated behaviors, the state and stimulus specificity of
phasic dopamine signaling is less clear. These studies use thirst and sodium appetite to show that dopamine neurons dynamically
track body fluid homeostasis and respond to water and salt stimuli in a state- and taste-dependent manner. We also identify
hindbrain sodium deprivation-responsive neurons that project directly to the ventral tegmental area, where dopamine neuron cell
bodies reside. This work demonstrates command of homeostasis over dopamine signaling and proposes a circuit by which
physiological need drives motivated behavior by state- and taste-selective recruitment of phasic dopamine signaling. j

ignificance Statement

Introduction
In response to physiological need, central circuits are recruited to
direct behavior toward the approach and consumption of restor-
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ative stimuli. This is perhaps best illustrated by sodium appetite,
the avid consumption of solutions containing the sodium ion
following sodium deprivation (Richter, 1936). Under conditions
of sodium deprivation (sodium deplete), animals will work for
sodium (Wagman, 1963; Quartermain et al., 1967; Zhang et al.,
1984) and approach predictors of sodium (Clark and Bernstein,
2006; Robinson and Berridge, 2013; Cone et al., 2016). When in
positive sodium balance (sodium replete), such efforts are not
observed. In fact, rats will actively avoid highly concentrated so-
dium chloride (NaCl) solutions unless they are sodium deplete
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(Nachman, 1962; Handal, 1965). Accompanying the change in
intake behavior observed in sodium deplete animals is a marked
increase in the palatability of NaCl (Berridge et al., 1984). In this
way, sodium appetite powerfully demonstrates how the value of a
biologically-required stimulus is dynamically modulated by
physiological state and represents an opportunity to gain insight
into the neural basis of motivated behavior.

Sodium deplete animals must be able to identify and discriminate
stimuli to ingest those that are physiologically required. The highly
refined gustatory system of rats allows for the immediate detection of
NaCl during sodium appetite (Breslin et al., 1993; Spector et al.,
1996). Sodium deplete rats selectively consume NaCl over other
non-sodium salt solutions, like potassium chloride (KCl), illustrat-
ing that the taste system is sufficient to discriminate chemical differ-
ences on a single ion-level (Spector et al., 1996). The physiologically
prompted and directed nature of motivated behavior (Stellar and
Stellar, 1985) requires that underlying circuitry is in tune to sensory
encoding of stimuli and the physiological state of the animal. Al-
though the central circuits that identify disruptions in body fluid
homeostasis and those that respond to taste are well characterized
(Thornton and Norgren, 2016), the translation of that information
into motor plans directed at the seeking and selective consumption
of targeted stimuli is poorly understood.

The nucleus accumbens (NAc) converts motivation into action
through cortical, limbic and thalamic afferents and motor-related
efferents (Mogenson et al., 1980; Groenewegen et al., 1999; Meredith
et al., 2008). The NAc shell subregion in particular has been impli-
cated in encoding primary affective stimuli (Pecifia et al., 2006).
Appetitive stimuli, including the taste of hypertonic sodium under
sodium deplete conditions, recruit differential firing patterns of NAc
shell neurons relative to less palatable stimuli (Roitman et al., 2005;
Loriaux et al., 2011). Pharmacological suppression of NAc shell neu-
ral activity increases appetitive orofacial responses to palatable tastes
and promotes the initiation of nutrient-directed behaviors (Pecifia
and Berridge, 2000; Kelley, 2004; Mahler et al., 2007). Structures
downstream to the NAc shell are differentially driven by sodium
under deplete versus replete conditions (Smith and Berridge, 2007;
Chang et al., 2017). Dopamine, which modulates the activity of the
NAc (Nicolaetal., 2000), is critical for NAc plasticity (Surmeier et al.,
2011), is sufficient for positive reinforcement (Steinberg et al., 2014)
and is a well supported neural substrate of goal-directed behavior
(Schultz et al., 1997; Carelli, 2004). Although NAc dopamine is re-
sponsive to primary rewarding stimuli (Roitman et al., 2008), it re-
mains unclear whether it selectively responds to stimuli that are only
reinforcing under a particular set of physiological conditions.

We used sodium appetite and thirst to test the state and stimulus
specificity of NAc shell dopamine signaling. We hypothesized that
increases in phasic dopamine release, measured by fast-scan cyclic
voltammetry (FSCV), would be evoked only by the taste of a biolog-
ically required stimulus (i.e., sodium chloride for a sodium deplete
rat and water for a water-restricted rat). We also identified two cell
populations that sense sodium deprivation and project directly to
the ventral tegmental area (VTA). These projections represent a
component of a potential circuit by which sodium deprivation facil-
itates dopamine signaling and the motivated behavior observed dur-
ing sodium appetite.

Materials and Methods

Subjects

Adult male Sprague-Dawley rats (n = 124) weighing ~350 g at the time
of testing were used. Rats were individually housed in plastic cages with
lights on from 7:00 A.M. to 7:00 P.M. All FSCV testing took place in
standard operant chambers (Med Associates) during the light phase.
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Animals were given ad libitum access to standard laboratory chow (2010
Teklad global 18% protein diet) and tap water, unless otherwise noted.
For details of housing as well as food and water access during the exper-
iment, see Manipulations of body fluid homeostasis. All tested animals
were naive to manipulations of body fluid homeostasis and intraoral
infusions at the time of testing. Animal care and use was in accordance
with the National Institute of Health (NIH) Guide for the Care and Use of
Laboratory Animals and was approved by the Institutional Animal Care
and Use Committee at the University of Illinois at Chicago.

Surgery

Animals used to investigate NAc phasic dopamine signaling patterns
during intraoral fluid delivery (n = 80) were surgically prepared for
FSCV and intraoral infusions. Animals were anesthetized with intraperi-
toneal ketamine hydrochloride (100 mg/kg) and xylazine hydrochloride
(10 mg/kg). An in-depth description of the surgical preparation of ani-
mals for FSCV was described previously (Fortin et al., 2015). Briefly, a
FSCV cannula (Bioanalytical Systems) was implanted above the NAc
shell using coordinates [+1.7 mm anterior—posterior (AP), 0.9 mm
medial-lateral (ML), and —2.5 mm dorsal-ventral (DV)] obtained from
the rat brain atlas of Paxinos and Watson (2007). A chlorinated silver
(Ag/AgCl) reference electrode was placed in the contralateral cortex. A
bipolar stimulating electrode (0.20 mm diameter; Plastics One) was im-
planted into the VTA (—5.2 mm AP, +0.8 mm ML, —8.4 mm DV from
the brain surface). All implants were secured with stainless steel surgical
screws and dental cement.

To measure dopamine release patterns in the seconds before, during,
and after the sensory experience of taste, we implanted all FSCV-
prepared animals (n = 80) with intraoral catheters to directly infuse
discrete boluses of tastants into the oral cavity (Grill and Norgren, 1978).
Beyond allowing for analysis of dopamine release patterns during dis-
crete time-locked taste exposures, this technique permitted examination
of dopamine signaling in animals that were not motivated to consume
the tested stimuli either because they did not have a physiological need
for the stimulus (e.g., sodium replete) or because the tested stimulus did
not satisfy the need state (e.g., KCI for a sodium depleted rat). Briefly, a
catheter was constructed from ~6 cm of PE-100 tubing (Scientific Com-
modities). One end of the catheter was flanged using a flame and a Teflon
washer was fitted over the flanged end. A hypodermic needle was fitted to
the other end, and the needle was inserted just anterolateral to the first
maxillary molar and drawn, subcutaneously out the top of the scalp
through a small (~5 mm) incision. The catheter was drawn through the
oral cavity until the washer lay flush against the molar. The catheter was
secured in place with the addition of a second washer fitted over the
exteriorized portion of the catheter and secured in place using epoxy.
Following surgery, rats were injected with meloxicam (1 mg/kg, s.c.).
Rats were given 5-7 d of postoperative recovery time. All animals re-
turned to presurgical body weight during this time. To maintain catheter
patency, intraoral catheters were flushed daily with distilled water
throughout the postoperative period.

Animals used to investigate c-Fos activity of VTA projecting neurons
(n = 7) were anesthetized with intraperitoneal ketamine hydrochloride
(100 mg/kg) and xylazine hydrochloride (10 mg/kg). A trephine drill bit
was used to remove the skull over the VTA (AP: —5.6 mm, ML: —0.5
mm). A custom injector was used to iontophoretically (5 wA, 7 s on/7 s
off, 10 min) deliver the retrograde tracer Fluoro-Gold (FG; 2%, Fluoro-
chrome) to the VTA (DV: 8 mm from skull) using a current pump
(Digital Midgard Precision Current Source, Stoelting). Injectors were
made by using a glass puller to create a taper on a capillary tube (1.0 X 0.5
mm, 4 inches, A-M Systems). The taper was cut under 10X magnifica-
tion using a scalpel such that the diameter of the taper was 20 mm. After
the current was terminated, the injector remained in situ for an addi-
tional 5 min to allow for residual diffusion before it was removed. The
scalp of the rat was sutured closed. Following surgery, rats were injected
with meloxicam (1 mg/kg, s.c.). Rats were given 5-7 d of postoperative
recovery time. All animals returned to presurgical body weight during
this time.
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Manipulations of body fluid homeostasis

Sodium depletion. Animals (n = 63) were made sodium deplete by two,
equal-volume injections, spaced 1 h apart, of the diuretic furosemide (20
mg/ml, 0.5 ml/kg, s.c.; Sigma-Aldrich). Furosemide treatment is a well
established method of sodium depletion that causes rapid diuresis and
expression of a sodium appetite (Fitzsimons, 1998). Animals tested in a
replete state (n = 36) were injected with vehicle (100% DMSO) in place
of furosemide. All injections were spaced 1 h apart. FSCV recordings, the
two-bottle intake test or sacrifice for immunohistochemistry (IHC; see
Immunohistochemistry section) began 24 h after the first injection. Dur-
ing the 24 h depletion period, all animals were housed in hanging wire-
bottomed cages to prevent the ingestion of urine.

Before injections, food and water were removed and the rats were
weighed. Diuresis was evaluated by weighing the animal 2 h following the
first injection. Animals were deemed “sodium deplete” if they lost at least
15 g of body weight during the 2 h period following furosemide injection.
At this time, sodium deplete animals were provided ad libitum distilled
water and sodium deficient diet (Teklad Sodium Deficient Diet; Harlan).
Sodium replete animals were provided with ad libitum water and stan-
dard laboratory chow.

Water restriction. Both water-restricted (n = 15) and ad libitum-
watered (n = 10) animals were housed in hanging wire bottomed cages
for the 24 h preceding the FSCV recording session. During this time
water-restricted animals were provided with only ad libitum standard
rodent chow. Ad libitum-watered animals were provided with ad libitum
standard rodent chow and water. Water restriction was confirmed by
weighing the animals following the restriction period. Animals were in-
cluded in analysis if they lost at least 15 g of body weight during this 24 h
period.

FSCV session

Before FSCV testing, the intraoral cannula was flushed with water to
ensure patency. The intraoral cannula was then connected to an infusion
line that ran through an electric swivel (for FSCV recording) and then
through a fluid swivel and outside a sound-attenuated chamber to ensure
freedom of movement. The infusion line was connected to a solenoid
valve before terminating at reservoir containing either a salt solution (in
M: 0.45 NaCl, 0.15 NaCl, 0.15 KClI, 0.15 LiCl) or distilled water. Solutions
were gravity fed and the height of the reservoir was adjusted such that
opening the solenoid valve for 4 s resulted in 200 ul of fluid delivered to
the rat.

FSCV recording sessions in awake and behaving animals are described
in detail previously (Fortin et al., 2015). Briefly, rats (n = 80) were
connected to a FSCV head-mounted voltammetric amplifier in a sound-
attenuated standard operant chamber (Med-Associates) by both their
FSCV recording electrode and Ag/AgCl reference electrode. The FSCV
carbon-fiber recording electrode was lowered into NAc shell dopamine
terminals by means of a micromanipulator (Research Resource Center,
UIC). A triangular voltage waveform was applied to the carbon-fiber
(from —0.4 to 1.3 to —0.4 V relative to the Ag/AgCl reference electrode,
400 V/s, 60 Hz) for 30 min to allow for electrode equilibration. The rate
was then changed to 10 Hz for 15 min before data acquisition and re-
mained at that frequency throughout. Application of each waveform
resulted in a background current, which was subtracted from the current
resulting from the oxidation and reduction of dopamine evoked during
recording. Current changes resulting from the oxidation and reduction
of dopamine were converted into concentration changes using a calibra-
tion factor obtained from exposing the electrode to a known concentra-
tion of dopamine after data collection concluded (Sinkala et al., 2012).
Application of the waveform as well as current measurements were com-
puter controlled (National Instruments and Tarheel CV, UNC Electron-
ics Facility).

While continuously sampling dopamine release patterns in the NAc
shell, remotely controlled (Med Associates) intraoral infusions occurred.
The solenoid valve was opened (flow rate = 50 ul/s) for 4 s to allow for
discrete infusions (200 wl) of either a salt solution or distilled water to the
mouth of the rat. Each experimental session consisted of 10 discrete
intraoral infusions with a variable intertrial interval (range: 30-90 s,
mean: 60 * 8.2 s) to prevent anticipation of delivery. Following the
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intraoral infusion session, the VTA was electrically stimulated at 120 uA
with a range of frequencies (30—60 Hz) and pulse numbers (5,8,10, 20,
24). Cyclic voltammograms (CV; current by voltage plots) from electri-
cally evoked dopamine and pH changes were later used to extract dopa-
mine concentration changes throughout the session (see FSCV data
analysis). FSCV hardware and intraoral cannula were disconnected and
rats were returned to hanging wire-bottom cages for 24 h postrecording
measurements of food intake, fluid intake, and body weight.

At the conclusion of experiments, rats were deeply anesthetized
with sodium pentobarbital (100 mg/kg; Sigma-Aldrich). A polyamide-
insulated stainless steel electrode (A-M Systems) was lowered through
the guide cannula to the same depth as the recording electrode and
current was passed to create an electrolytic lesion. Next, brains were
extracted and stored in formalin for 24 h before transferring them to 30%
sucrose in 0.1 M phosphate buffer. Brains were then sectioned (35 um) on
a cryostat. Coronal sections were mounted on slides. Light microscopy,
together with the rat atlas of Paxinos and Watson (2007) were used to
determine the location of the electrolytic lesion. Only those recordings
sites verified to have been in the NAc shell were analyzed.

Two-bottle intake test

Removal of the adrenal glands prevents sodium retention and leads to the
development of a chronic sodium appetite (Richter, 1936; Epstein and
Stellar, 1955). Two-bottle intake tests performed in adrenalectomized
rats have reported that sodium deplete rats have a strong preference for
NaCl over KCl but equally prefer NaCl and LiCl (Nachman, 1962). Here,
we investigated whether similar preferences are obtained with acute,
furosemide-depleted rats. All rats (n = 29) were made 24 h sodium
deplete. Diuresis was confirmed in all animals as described in the Manip-
ulation of body fluid homeostasis section. A two-bottle intake test was
conducted in hanging wire bottom cages. Rats were presented with two
graduated cylinder sipper tubes containing isomolar (0.15 M) solutions of
either KCl and NaCl (n = 14) or LiCl and NaCl (n = 15). Placement of
the NaCl-containing sipper tube on the right or left-hand side of the cage
was pseudorandomly counterbalanced. Rats were allowed 10 min to vol-
untarily consume the solutions.

Immunohistochemistry

Sodium deplete (n = 7) and Sodium replete (n = 8) animals were sacri-
ficed for IHC. Rats were deeply anesthetized with sodium pentobarbital
(100 mg/kg; Sigma-Aldrich) and then transcardially perfused with 0.9%
saline followed by 4% paraformaldehyde in 0.1 M sodium phosphate
buffer (Sigma-Aldrich), pH 7.4. Brains were removed and stored in 4%
paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4, for 24 h
before being transferred to 20% sucrose in sodium phosphate buffer.
Brains were cut on a cryostat (35 wm) into three serial sets.

Coronal sections through the pons were processed for native FG fluo-
rescence and immunohistochemical detection of FoxP2 (forkhead box
protein P2) and c-Fos. Free-floating sections were washed three times
with a 0.1 M sodium phosphate buffer. They were next incubated for 1 h
at room temperature in a blocking solution containing 3% normal don-
key serum (Jackson ImmunoResearch) and 0.3% Triton-X (Sigma-
Aldrich) in 0.1 M sodium phosphate buffer. Sections were then incubated
overnight at room temperature in an antibody mixture (1:2500 sheep
anti-FoxP2; R&D Systems, catalog #AF5647; RRID:AB_2107133) and
1:2000 rabbit anti-c-Fos (Cell Signaling Technology, catalog #2250;
RRID:AB_2247211)] containing 3% normal donkey serum and 0.3%
Triton-X.

After the overnight primary antibody incubation, sections were
washed three times with 0.1 M sodium phosphate buffer. They were next
incubated for 4 h at room temperature in a secondary antibody (1:500 of
both Cy3 donkey anti-sheep and AlexaFluor 488 donkey anti-rabbit;
Jackson ImmunoResearch ) solution in 3% normal donkey serum and
0.3% Triton-X. Sections were washed three times with a 0.1 M sodium
phosphate buffer before being wet mounted onto Superfrost Plus micro-
scope slides (Fisher Scientific) for imaging. Dry coronal sections were
imaged under 200X magnification on an Olympus FV1000 microscope.
Separate photographs of were taken of FG, FoxP2, and c-Fos expression
under blue, red, and green fluorophore excitation, respectively, using an
X-Cite XLED1 light source (Excelitas Technologies).
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Experimental design and statistical analysis

FSCV session. Individual infusion trials (5 s preceding and 10 s following
the onset of the intraoral infusion) were isolated from the entirety of the
experimental session. Trials were background-subtracted and dopamine
concentration changes were extracted using template CVs obtained from
VTA stimulation, a current to concentration conversion factor obtained
through a postcalibration step (Sinkala et al., 2012) and principal com-
ponent analysis (Heien et al., 2004). The average dopamine concentra-
tion during the 5 s before infusion (baseline, —5 to 0 s) was compared
with the average dopamine concentration during the 4 s infusion period
(infusion, 0 to 4 s). Individual animals’ average dopamine concentration
during each epoch (i.e., baseline and infusion) are plotted. Statistical
comparisons of average dopamine concentration during the baseline and
infusion periods were conducted for each intraoral stimulus in sodium
replete, sodium deplete, ad libitum, and water-restricted rats using two-
way ANOVAs (epoch X group) with Tukey’s HSD post hoc tests where
appropriate. Statistical analyses were performed in the programming
language R.

Two-bottle intake test. Intake of each solution during the 10 min test
was measured. Cumulative intake was calculated by adding intake vol-
umes of the two solutions. Preference scores for the non-sodium salt
were calculated for each animal (intake volume of non-sodium salt/ total
intake volume). Cumulative intake and preference scores of rats pre-
sented with LiCl and NaCl were compared with rats presented with KCl
and NaCl using a two-tailed Student’s ¢ tests. All group data are expressed
as mean * SEM.

Immunohistochemistry. For FG-injected animals (n = 7), coronal sec-
tions though the VTA were examined for native FG fluorescence. Only
rats with FG injection sites restricted to the VTA were included in sub-
sequent analysis. For all THC analyses, three sections per animal for each
region of interest within the pons [pre-locus ceruleus (pre-LC); inner
segment of the external lateral parabrachial nucleus (PBel-inner)] were
quantified. Coronal sections most anatomically representative of the
pre-LC and PBel-inner were selected by a treatment-blind experimenter.
Regions of interest were selected on the basis of past work indicating the
anatomical location of sodium deprivation-responsive FoxP2 neurons
(Geerlingetal., 2011). Adobe Photoshop was used to merge images taken
under blue (FG), red (FoxP2), and green (c-Fos) fluorophore excitation.
A counting boundary for each regions of interest was drawn around the
pre-LC and PBel-inner. For the pre-LC, a circle with a diameter of 400
um was positioned with its lateral edge bordering the most medial region
of the tract of the mesencephalic trigeminal nucleus. For the PBel-inner,
a rectangle (350 X 210 wm), was positioned along the ventral border of
the superior cerebellar peduncle with its medial edge bordering the most
lateral region of the peduncle. The counting boundaries for both the
pre-LC and PBel-inner are slightly more restrictive, yet overlap, with
previously published reports (Geerling et al., 2011). Cell counts were
made for FoxP2 ™, c-Fos *, and double-labeled (FoxP2 */c-Fos ") neu-
rons in both regions of interest (pre-LC and Pbel-inner). Counts were
made in Adobe Photoshop and entered into a Microsoft Excel spread-
sheet by a treatment-blind experimenter. Total cell number counts of
individual animals (Tables 1, 2) are graphically represented by open
circles (see Figs. 4B,C, 5B,C) and reflective of the sum of the cells
counted within the region of interest of the three quantified coronal
sections. Average cell number counts (see Figs. 4 B, C, 5B, C) are group
data, expressed as the mean = SEM. Cell number comparisons were
made within each region using two-way ANOVAs (marker X group)
with Tukey’s HSD post hoc tests where appropriate. All other statistical
comparisons for IHC data (see Figs. 4D, 5D—F) were made using two-
way ANOVAs (region X group) with Tukey’s HSD post hoc tests where
appropriate. Statistical analyses were performed in R.

Results

Phasic dopamine responses to intraoral fluid stimuli

are state-dependent

Figure 1 represents average dopamine responses in the NAc shell
to intraoral infusion of 0.45 M NaCl in sodium deplete and so-
dium replete rats. Average color plots [depicting current (color)
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asafunction of applied electrode potential (E,,,,; y-axis) and time
(s; x-axis)] were generated to visualize the average dopamine
response across all 10 infusion trials of sodium replete (n = 5)
and sodium deplete (n = 5) rats. In sodium replete rats, current at
the known oxidation potential for dopamine (~0.65 V) decreases
in response to intraoral infusion of 0.45 M NaCl. In contrast,
intraoral infusion of 0.45 M NaCl in sodium deplete rats causes an
increase in current at ~0.65 V and a decrease in current at ~—0.2
V; the peak oxidation and reduction potentials for dopamine. To
reinforce this point, the average background subtracted CV (cur-
rent by voltage plot) taken at the offset of the intraoral infusion
compares favorably to that obtained in in vitro studies with
known concentrations of dopamine (Heien et al., 2004) for so-
dium deplete (Fig. 1B, black trace) but not sodium replete (Fig.
1B, gray trace) rats.

Statistical analyses of dopamine responses to intraoral infu-
sions included comparisons of epoch [baseline (—5 to On) and
infusion (On to Off; 4 s)] and group [e.g., replete and deplete].
Here, statistical analyses revealed a main effect of epoch (F(, 4 =
5.86; p = 0.04), no main effect of group (F(, 4y = 3.48;p = 0.1),
and a significant interaction of epoch and group (F(, g) = 24.44;
p =0.001). Although intraoral infusion of 0.45 M NaCl in sodium
replete rats (n = 5) caused a modest decrease in dopamine con-
centration relative to baseline (Fig. 1C), the average dopamine
concentration during the infusion period was not significantly
different from the average baseline dopamine concentration
(6.7 = 3.4 vs 15.9 = 6.9 nMm for infusion and baseline periods,
respectively; p = 0.35; Fig. 1D). However, in sodium deplete rats
(n = 5), intraoral infusion of the same hypertonic sodium
solution (0.45 M NaCl) caused a markedly different dopamine
response: a sharp and sustained increase in dopamine concentra-
tion relative to baseline (Fig. 1C). The dopamine concentration
during the infusion period observed in these animals was signif-
icantly different relative to baseline dopamine concentration
(37.7 £ 7.5 vs 10.8 = 2.4 nMm for infusion and baseline periods,
respectively; p = 0.004; Fig. 1D). There were no baseline differ-
ences in dopamine concentration between sodium replete and
sodium deplete rats (p = 0.91). Histology confirmed that all
recordings from sodium replete and sodium deplete rats were
made in the NAc shell (Fig. 1E).

Similarly to the state-dependent dopamine response to hyper-
tonic NaCl, intraoral infusion of distilled water in ad libitum and
water-restricted rats revealed a main effect of epoch (F(, 4 = 8.17;
p = 0.02) but not group (F, 4y = 1.45; p = 0.26) and a significant
interaction of epoch and group (F(,4 = 22.12; p = 0.002).
Whereas water infusion in ad libitum-watered rats (n = 5) caused
amodest decrease in dopamine concentration relative to baseline
(Fig. 2A), the average dopamine concentration during the infu-
sion period was not significantly different from the average base-
line dopamine concentration (10.9 = 3.6 vs 15.8 = 3.4 nm for
infusion and baseline periods, respectively; p = 0.58; Fig. 2B).
However, in water-restricted rats (n = 5), intraoral infusion of
distilled water caused a markedly different response: a sharp and
sustained increase in dopamine concentration relative to baseline
(Fig. 2A). The dopamine concentration during the infusion pe-
riod observed in these animals was significantly different relative
to baseline dopamine concentration (28.5 = 4.3 vs 8.2 = 2.4 nm;
p = 0.003; Fig. 2B). There were no baseline differences in dopa-
mine concentration between ad libitum and water-restricted rats
(p = 0.43). Histology confirmed that all recordings from ad libi-
tum and water-restricted rats were made in the NAc shell (Fig.
20).
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Figure1.  Phasic dopamine signaling evoked by hypertonic NaClis state-dependent. A, Average color plot from all 10 trials of intraoral infusion of 0.45 m NaCl in sodium replete (n = 5; left) and
sodium deplete (n = 5;right) rats. Color plots depict changes in current (color) as a function of applied potential (£,,,,; y-axis) and time (s; x-axis). Dopamine can be observed in response to intraoral
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in sodium replete (gray trace) or sodium deplete (black trace) rats. In this and all panels to follow, shading about the trace represents =1 SEM. CVs were taken at infusion offset (0ff; 4 5) and
averaged. (Vs were compared with the known CV for dopamine obtained using in vitro calibrations to confirm the presence (sodium deplete) or absence (sodium replete) of dopamine. C, Average
dopamine concentration response in sodium replete (gray trace) and sodium deplete (black trace) rats during the 15 s (x-axis) surrounding the onset (On) and offset (Off) a 4 s intraoral infusion of
0.45 m NaCl. D, Average dopamine concentration during the 5 s baseline period (striped bars) vs the 4 s infusion period (solid bars) of 0.45 m NaCl in sodium replete (gray bars) and sodium deplete
(black bars) rats. €, D, Average dopamine concentration (mean == SEM) is representative of 10 intraoral infusion trials. D, Dopamine concentration of individual animals during the baseline and
infusion periods is represented by connected circles. E, Summary of FSCV recording locations within the NAc shell of sodium replete (gray circles;n = 5) and sodium deplete (black circles; n = 5) rats
infused with 0.45 m NaCl. Recording locations are depicted as circles on coronal sections modified from Paxinos and Watson (2007). Numbers to the left indicate approximate distance from bregma.
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Figure2. Phasicdopamine signaling evoked by wateris state-dependent. 4, Average dopamine concentration response in ad libitum-watered (light blue trace; n = 5) and water-restricted (royal
blue trace; n = 5) rats during the 15 s (x-axis) surrounding the onset (On) and offset (0ff) a 4 s intraoral infusion of distilled water. B, Average dopamine concentration during the 5 s baseline period
(striped bars) vs the 4 s infusion period (solid bars) of distilled water in ad libitum-watered (light blue bars) and water-restricted (royal blue bars) rats. A, B, Average dopamine concentration
(mean == SEM) is representative of 10intraoral infusion trials. Dopamine concentration of individual animals during the baseline and infusion periods is represented by connected circles. €, Summary
of FSCV recording locations within the NAc shell of ad libitum-watered (light blue circles; n = 5) or water-restricted (royal blue circles; n = 5) rats infused with distilled water. Recording locations
are depicted as circles on coronal sections modified from Paxinos and Watson (2007). Numbers to the left indicate approximate distance from bregma. **p << 0.01.



6846 - ). Neurosci., August 1, 2018 - 38(31):6841- 6853

Fortin and Roitman e State and Taste Modulation of Dopamine Signaling

A == NaCl == KCI B C
== LiCl == H,0 11l Baseline @ Infusion
*
60- . 60- il /-
3
° 50 50- 8 156
=% 2 |
& 10 nM B 40- g 40; o g/
£ < 30 < 30 -3
2 - e g 168 | \ f
g g i e
i ; " 180 =
r - — 1 0- 0+ Y {
5 on off5 10 ;Q M
Time (s) 107 Sodium Sodium 10~ sodium Sodium <
Replete Deplete Replete Deplete
60- 60+ i
[ /
® 50- 50 '
= ] 156
a —~  40- s 40- B 1 1
= i > [
£ T 301 \ £ 80 2 Q
3 T ' T 20 168 ="
2 g ® 3 E N
101 101 z R0/
. = P . o4 0 B 180 I,
-5 On off5 10 -10- ; . :i W
Time (s) 107 Sodium Sodium Sodum  Sodium \ =/’
Replete Deplete eplete Deplete %
Figure 3.  Phasic dopamine signaling evoked by salt solutions is taste-dependent. A, Average dopamine concentration response in sodium replete (n = 23; top) and sodium deplete (n = 22;

bottom) rats during the 15 s (x-axis) surrounding the onset (On) and offset (0ff) a 4 s intraoral infusion of a 0.15 m solution of NaCl (red trace), KCI (brown trace), LiCl (orange trace), or distilled H,0
(greentrace). B, Average dopamine concentration during the 5 s baseline period (striped bars) vs the 4 sinfusion period (solid bars) of a 0.15 msalt solution or distilled H,0 in sodium replete or sodium
deplete rats (colors follow those used in A; NaCl: n = 6 replete/6 deplete; KCI: n = 6/5; LiCl: n = 6/5; H,0: n = 5/6). A, B, Average dopamine concentration (mean == SEM) is representative of 10
intraoral infusion trials. Dopamine concentration of individual animals during the baseline and infusion periods s represented by connected circles. ¢, Summary of FSCV recording sites within the NAc
shell of sodium replete rats infused with 0.15 m NaCl (red circles), KCI (brown circles), LiCl (orange circles), or distilled H,0 (green circles). Recording sites are depicted as circles on coronal sections
modified from Paxinos and Watson (2007). Numbers to the left indicate approximate distance from bregma. *p << 0.05, **p < 0.01.

Furosemide-treated rats discriminate NaCl and KCI but not
NaCl and LiCl

A two-bottle preference test in sodium deplete rats revealed no
group differences in cumulative intake when comparing rats that
received KCl and NaCl (n = 14) to those that received LiCl and
NaCl (n = 15;10.4 = 1.8 vs 10.5 = 1.5 ml, respectively; p = 0.96).
Rats presented with KCI and NaCl had a strong preference for
NacCl (preference score for non-sodium = 0.1 = 0.04). However,
rats presented with LiCl and NaCl had no preference for LiCl over
NaCl (preference score for non-sodium salt = 0.6 = 0.09). The
preference scores for the two groups of rats tested were signifi-
cantly different from each other (p = 0.00002). Together, these
results suggest that furosemide-treated rats fail to discriminate
NaCl from LiCl but do discriminate between NaCl and KCL.
From the two-bottle intake test, clear predictions can be made
regarding the dopamine responses to intraoral salt solutions in
sodium deplete rats, with only NaCl and LiCl evoking phasic
dopamine increases.

State-dependent dopamine responses are taste-specific
Two-way ANOVAs revealed no epoch or group effects for rats
infused with either 0.15 m KCI (F; ) = 1.89, p = 0.2 for epoch
and F(, ) = 0.59, p = 0.46 for group) or H,O (F(; 4, = 1.13,p =
0.31 for epoch and F, 4y = 0.06, p = 0.81 for group). Therefore,
there were no differences between the average dopamine concen-
tration during the infusion period and the baseline period for
either 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 £ 5.4 nMm) rats infused
with KCI (Fig. 3A,B). The same was true of H,O infused rats
(sodium 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 nwm; Fig. 34, B).

In contrast, there were main effects of epoch (F, ;) = 8.87,
p = 0.01) and group (F(, ;) = 9.39; p = 0.01) and an interaction
of epoch and group (F, ;o) = 5.73; p = 0.04) for rats receiving
0.15 M NaCl. The interaction was mediated by a significant in-
crease in dopamine concentration during the infusion period
relative to baseline in sodium deplete rats (n = 6; 40.4 * 8.2 vs
13.6 = 2.0 nM; p = 0.02). Dopamine concentration during the
infusion period relative to baseline in sodium replete rats receiv-
ing 0.15 M NaCl was unchanged (n = 6;16.0 = 2.8 vs 13. 1 = 1.9
nM; p = 0.97; Fig. 3A,B). The sharp and sustained increase in
dopamine concentration relative to baseline observed in sodium
deplete rats replicates findings presented in Figure 1, albeit with a
lower concentration of ingested NaCl to match the concentra-
tions of other salts used in this experiment. Critically, there was
also a main effect of epoch (F(, oy = 16.22; p = 0.003) and an
interaction between epoch and group (F, o) = 16.12; p = 0.003)
for rats receiving 0.15 M LiCl. The interaction was mediated by a
significant increase in dopamine concentration during the infu-
sion period relative to baseline in sodium deplete rats (n = 5;
34.0 = 6.6 vs 16.7 = 3.9 nM; p = 0.002). Similar to NaCl, dopa-
mine concentration during the infusion period relative to base-
line in sodium replete rats receiving 0.15 M LiCl was unchanged
(n=6;13.4 £3.5vs13.4 £ 2.2; p = 1.0; Fig. 3A, B). There were
no differences in baseline dopamine concentration between so-
dium replete and sodium deplete rats that were infused with NaCl
(p = 0.99) or LiCl (p = 0.94). Histology confirmed that all re-
cordings from sodium replete and sodium deplete rats were made
in the NAc shell (Fig. 3C).

To further explore state-taste interactions, Water-restricted
rats were infused with 0.45 M NaCl (n = 5). Although this led to
amodest increase in dopamine concentration relative to baseline,
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a Student’s t test revealed that the difference was not significant
(16.9 = 2.9vs 6.8 = 1.5 nM; p = 0.07). Histology confirmed that
all recordings made from water-restricted rats infused with 0.45 M
NaCl were made in the NAc shell.

Furosemide-induced sodium depletion increases c-fos
expression within FoxP2 neurons of the pre-LC and
PBel-inner

A subset of cells within the pre-LC and PBel-inner express the
transcription factor FoxP2 and respond to chronic sodium depri-
vation with increases in c-Fos expression (Geerling et al., 2011).
To investigate communication of these sodium-appetite sensing
cells with mesolimbic circuitry, we first confirmed that acute,
furosemide-induced, sodium depletion similarly increases neu-
ronal activity of pre-LC and PBel-inner Foxp2 neurons. Expres-
sion of FoxP2 and c-Fos (“marker”) was observed in the pre-LC
and PBel-inner of both sodium replete and sodium deplete rats
(Table 1; Fig. 4A—C). Within the pre-LC, there were main effects
of marker (F(, ¢ = 205.75; p < 0.0001) and group (F, 4 = 18.45;
p = 0.005) and an interaction between marker and group (F, ¢ =
28.15; p = 0.002). Post hoc tests revealed no significant differences
in the number of FoxP2 neurons in the pre-LC in sodium replete
and sodium deplete rats (134.0 * 6.5 vs 156.5 * 17.2 neurons for
sodium replete vs deplete rats, respectively; p = 0.44; Table 1; Fig.
4B). Sodium depletion did, however, cause an increase in c-Fos
expression within the pre-LC [100.5 * 7.7 vs 12.3 = 3.5 neurons
for sodium deplete vs replete rats, respectively; p = 0.0009; Table
1, c-Fos ™ (total); Fig. 4B].

Within the PBel-inner, there were main effects of marker
(Fa6 = 202.57; p < 0.0001) and group (F(, ¢ = 26.17, p =
0.002) but no interaction between marker and group (F(, 4 =
2.15; p = 0.19). Sodium deplete and sodium replete rats had
comparable numbers of Foxp2 neurons in the PBel-inner
(138.5 £ 13.7 vs 168.3 £ 7.8 neurons for sodium replete vs de-
plete rats, respectively; p = 0.10; Table 1; Fig. 4B), but sodium
depletion caused an increase in c-Fos expression within the PBel-
inner [61.5 = 4.4 vs 7.3 = 2.3 neurons for sodium deplete vs
replete rats, respectively; p = 0.003; Table 1, c-Fos™ (total);
Fig. 4B].

To determine whether sodium depletion changed the per-
centage of FoxP2 neurons (FoxP2 *) that coexpressed c-Fos
(FoxP2*/c-Fos ™) in the pre-LC or PBel-inner, a two-way
ANOVA was conducted. Main effects were found for region
(F6) = 114.63; p < 0.0001), group (F, ¢, = 162.04; p < 0.0001)
and an interaction between region and group (F(, 4y = 78.74; p =
0.0001). Importantly, sodium depletion caused a significant in-
crease in c-Fos within Foxp2 neurons of both the pre-LC (63.0 =
3.1vs 5.7 = 2.1% for sodium deplete vs replete rats, respectively;
p < 0.0001) and PBel-inner (35.4 * 3.7 vs 3.1 = 1.02% for
sodium deplete vs replete rats, respectively; p = 0.0001; Fig. 4C).
Consistent with previous reports (Geerling et al., 2011), almost
all c-Fos-expressing neurons in the pre-LC (96.8 = 0.9%) and
PBel-inner (95.9 = 1.5%) of sodium deplete animals were
FoxP2 ™.

Furosemide-induced sodium depletion increases c-fos
expression in FoxP2 neurons of the pre-LC and PBel-inner
that project to the VTA

Excitability of the VTA represents one way to modulate NAc
dopamine release (Sombers et al., 2009; Owesson-White et al.,
2012). As pre-LC and PBel-inner Foxp2 neurons project directly
to the VTA, we aimed to investigate sodium-appetite induced
activation of these projections (Shin et al., 2011). The retrograde
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Table 1. Expression of FoxP2 and c-Fos in the pre-LC and PBel-inner of both sodium
replete and sodium deplete rats

FoxP+ ¢-Fos+ FoxP2+ FoxP2+ FoxP2—
(total) (total) ¢-Fos+ c-Fos— ¢-Fos+
pre-LC
Replete 1 131 20 10 121 10
Replete 2 153 16 16 137 0
Replete 3 127 8 5 122 3
Replete 4 125 5 1 124 4
Mean 134.0 123 8.0 126.0 43
SEM 6.45 3.47 3.24 3.72 2.10
Deplete 1 197 110 107 90 3
Deplete 2 136 89 85 51 4
Deplete 3 121 86 82 39 4
Deplete 4 172 117 116 56 1
Mean 156.5 100.5 97.5 59.0 3.0
SEM 17.23 7.66 831 10.93 0.71
Pbel-inner

Replete 1 104 6 3 101 3
Replete 2 166 14 10 156 4
Replete 3 130 5 3 127 2
Replete 4 154 4 2 152 2
Mean 138.5 73 45 134.0 2.8
SEM 13.72 2.29 1.85 12.73 0.48
Deplete 1 188 59 58 130 1
Deplete 2 170 50 47 123 3
Deplete 3 150 69 64 86 5
Deplete 4 165 68 67 98 1
Mean 168.3 61.5 59.0 109.3 2.5
SEM 7.84 4.44 4.42 10.36 0.96

Top, Within the pre-LC, FoxP2 (FoxP2 * total), and c-Fos (c-Fos * total) immunopositive neurons were quantified
in both sodium replete (7 = 4) and sodium deplete (n = 4) rats. Individual data along with the mean SEM is
presented for each expression profile observed. Bottom, Within the PBel-inner, FoxP2 (FoxP2 * total), and c-Fos
(c-Fos ™ total) immunopositive neurons were quantified in both Sodium Replete (n = 4) and sodium deplete (n =
4) rats. Individual data along with the mean SEM is presented for each expression profile observed.

tracer FG was delivered iontophoretically to the VTA (Fig. 5G).
Labeled cell bodies were observed in the pre-LC and PBel-inner
of rats that were sacrificed in a sodium replete (n = 4) or sodium
deplete (n = 3) state (Table 2; Fig. 5A—C). This finding is consis-
tent with previous work identifying direct projections from these
structures to the VT'A (Shin etal., 2011). Expression of FoxP2 and
c-Fos was also observed in the pre-LC and PBel-inner of both
sodium replete and sodium deplete rats (Table 2; Fig. 5A-C). To
compare the expression of FoxP2, c-Fos and FG (marker) be-
tween sodium deplete and sodium replete rats, two-way ANOVAs
were conducted for each region of interest. Within the pre-LC,
there were main effects of marker (F, 5, = 84,37; p = 0.0002),
group (F(, 5 = 18.88; p = 0.007), and an interaction between
marker and group (F, 5) = 25.97;p = 0.004). Main effects were
mediated by a significant increase in the number of c-Fos cells
within the pre-LC (142.0 = 11.2 vs 8.3 = 3.4 neurons for sodium
deplete vs replete rats, respectively; p = 0.0001; Table 2; Fig. 5B).
In contrast, the number of FoxP2 (153.8 * 12.4 vs 192.0 * 27.0
FoxP2 neurons for sodium replete vs deplete rats, respectively;
p = 0.16; Table 2; Fig. 5B) and FG-labeled cells (68.0 = 4.3 vs
85.0 = 10.3 neurons for sodium replete vs deplete, respectively;
p = 0.73; Table 2; Fig. 5B) within the pre-LC were not signifi-
cantly different between sodium deplete and sodium replete rats.
Comparing PBel-inner expression profiles of FoxP2, c-Fos and
FG between sodium deplete and sodium replete rats, we found a
main effect of marker (F(, 5) = 32.12; p = 0.001). The main effect
was mediated by a significant increase in the number of c-Fos
cells within the PBel-inner (69.7 = 5.9 vs 10.8 = 3.1 neurons for
sodium deplete vs replete rats, respectively, p = 0.02; Table 2; Fig.
5C). In contrast, the number of FoxP2 (132.5 = 22.0 vs 142.0 =
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Figure4. Expression of FoxP2 and c-Fos within the pre-LCand PBel-inner of sodium replete and sodium deplete rats. 4, Representative photoimages through the pre-LC (top row) and PBel-inner

(bottom row) of a sodium replete (left) and a sodium deplete (right) rat showing FoxP2 (red) and c-Fos (green)-immunoreactive neurons and their colocalization (yellow; largerimage). White circles
and rectangles are the defined area of interest selected for quantification within the pre-LC and PBel-inner, respectively, and dashed lines represent the boundaries of neuroanatomical landmarks
used to establish the region-of-interest. B, Average cell counts (mean == SEM) of FoxP2- and c-Fos-expressing neurons in the pre-LC of sodium replete (gray bars; n = 4) and sodium deplete (black
bars; n = 4) rats. C, Average cell counts (mean == SEM) of FoxP2- and c-Fos-expressing neurons in the PBel-inner of sodium replete (gray bars; n = 4) and sodium deplete (black bars; n = 4) rats.
D, Sodium depletion increases c-Fos expression within FoxP2-expressing cells (FoxP2 ™ /c-Fos ) of the pre-LC (left) and PBel-inner (right). B-D, Data are expressed as averages (mean = SEM) and
data points from individual animals are represented by open circles. mtV, Tract of the mesencephalic trigeminal nucleus; scp, superior cerebellar peduncle. **p << 0.01, ***p << 0.001.

19.5 neurons for sodium replete and deplete rats, respectively;
p = 0.95; Table 2; Fig. 5C) and FG-labeled cells (48.8 == 7.4 vs
45.0 = 3.8 neurons for sodium replete vs deplete, respectively;
p = 0.99; Table 2; Fig. 5C) within the PBel-inner did not signifi-
cantly differ between sodium deplete and sodium replete rats.

A two-way ANOVA was conducted to analyze sodium
depletion-induced differences in the percentage of FG-expressing
neurons (FG™) that coexpress FoxP2 (FG */FoxP2 ") in either
the pre-LC or PBel-inner. There were no main effects of region or
group (p values > 0.05) and the percentages of FG and FoxP2
coexpressing cells in the pre-LC (67.2 * 7.4 vs 86.4 = 1.8% for
sodium replete vs deplete rats, respectively; p = 0.63; Fig. 5D) and
PBel-inner (50.0 £ 16.7 vs 61.7 = 25.9% for sodium replete vs
deplete rats, respectively; p = 0.84; Fig. 5D) were comparable.

A two-way ANOVA was conducted to determine whether so-
dium depletion changed the percentage of FoxP2 neurons

(FoxP2 ") that coexpressed c-Fos (FoxP2*/c-Fos™*) in the
pre-LC or PBel-inner. We found main effects for region (F(, 5, =
8.47; p = 0.03), group (F(, 5 = 281.81; p < 0.0001), and an
interaction between region and group (F(, 5, = 12.02; p = 0.02).
Importantly, sodium depletion caused a significant increase in
c-Fos within Foxp2 neurons of both the pre-LC (71.7 = 3.2 vs
3.61 = 1.6% for sodium deplete vs replete rats, respectively; p <
0.0001) and PBel-inner (49.1 = 7.1 vs 5.6 = 0.9% for sodium
deplete vs replete rats, respectively; p < 0.0001; Fig. 5E). These
findings replicate what we observed above (Fig. 4) and, consistent
with previous reports (Geerling et al., 2011), almost all c-Fos-
expressing neurons of the pre-LC (95.4 * 2.4%) and PBel-inner
(97.3 = 2.1%) of sodium deplete animals were FoxP2 . We ex-
tended these findings by analyzing the percentage of FG and
FoxP2 colocalized neurons (FG */FoxP2™) that express c-Fos
(FG " /FoxP2 */c-Fos ™) within both the pre-LC and PBel-inner.
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Table 2. Expression of FG, FoxP2, and c-Fos in the pre-LC and PBel-inner of both sodium replete and sodium deplete rats

FG+ FoxP2+ ¢-Fos FG+ FoxP2+ FG+ FoxP2+ FG+ FoxP2— FG+ FoxP2— FG— FoxP2+ FG— FoxP2+ FG— FoxP2—
(total) (total) (total) c-Fos+ ¢-Fos— ¢-Fos— ¢-Fos+ ¢-Fos+ ¢-Fos— ¢-Fos+
pre-LC
Replete A 75 156 13 6 52 15 2 4 9% 1
Replete B 73 157 15 10 50 12 1 0 97 4
Replete C 68 121 1 0 39 28 1 0 82 0
Replete D 56 181 4 0 29 27 0 3 149 1
Mean 68.0 153.8 8.3 4.0 425 20.5 1.0 1.8 105.5 1.5
SEM 4.26 12.35 3.40 2.45 533 4.09 0.41 1.03 14.86 0.87
Deplete A 65 141 120 50 5 5 5 60 26 5
Deplete B 99 233 157 77 12 10 0 80 64 0
Deplete C 91 202 149 68 9 9 5 73 52 3
Mean 85.0 192.0 142.0 65.0 8.7 8.0 33 71.0 473 2.7
SEM 10.26 27.02 11.24 7.94 2.03 1.53 1.67 5.86 1n.22 1.45
PBel-inner

Replete A 37 110 19 8 16 n 2 1 85 8
Replete B 36 188 12 4 28 3 1 4 152 3
Replete C 66 145 7 4 17 44 1 2 122 0
Replete D 56 87 5 3 5 48 0 2 77 0
Mean 488 1325 10.8 48 16.5 26.5 1.0 23 109.0 28
SEM 7.36 22.01 3.12 1.1 4.70 1.41 0.41 0.63 17.36 1.89
Deplete A 38 123 58 3 1 34 0 51 68 4
Deplete B 46 181 74 28 9 9 0 45 929 1
Deplete C 51 122 77 36 12 3 0 41 33 0
Mean 45.0 142.0 69.7 23 73 153 0.0 457 66.7 1.7
SEM 3.79 19.50 5.90 9.94 3.28 9.49 0.00 291 19.06 1.20

Top, Within the pre-LC, FG (FG ™ total), FoxP2 (FoxP2 ™ total), and c-Fos (c-Fos ™ total) immunopositive neurons were quantified in both sodium replete (n = 4) and sodium deplete (n = 3) rats. Individual data along with the mean SEM
is presented for each expression profile observed. Bottom, Within the PBel-inner, FG (FG * total), FoxP2 (FoxP2 * total), and c-Fos (c-Fos * total) immunopositive neurons were quantified in both sodiumreplete (n = 4) and sodium deplete

(n = 3) rats. Individual data along with the mean SEM is presented for each expression profile observed.

A two-way ANOVA revealed a main effect of group (F, 5 =
412.25; p < 0.0001) but no effects of region (F(, 5y = 0.07; p =
0.8) nor an interaction between region and group (F, 5y = 5.79;
p = 0.06). Post hoc tests revealed that sodium depletion increases
the percentage of FG and FoxP2 colocalized neurons that express
c-Fos within both the pre-LC (88.6 = 1.3 vs 6.8 = 4.1% for
sodium deplete vs replete rats, respectively; p < 0.0001) and PBel-
inner (75.2 = 0.2 vs 25.6 = 5.9% for sodium deplete vs replete
rats, respectively; p = 0.0006; Fig. 5F). Thus, VTA-projecting
FoxP2+ neurons in the pre-LC and PBel-inner are activated fol-
lowing sodium deprivation.

Discussion

Motivated behaviors are aroused by homeostatic perturbation
and are directed at physiologically required stimuli (Stellar and
Stellar, 1985). Challenges to body fluid homeostasis are ideal for
understanding the neural basis of motivation as sodium appetite
and thirst prompt ingestion that is specifically directed at sodium
or water, respectively. Although the neurotransmitter dopamine
has long been studied in the context of motivation, it remains
unclear how dopamine neurons are recruited by deprivation
states and whether dopamine responses are stimulus selective. By
generating the drive states of sodium appetite and thirst, we show
that phasic dopamine responses to body fluid homeostasis-
restoring stimuli are both state-dependent and taste-specific. We
also provide support for a potential circuit by which body fluid
homeostasis is relayed to mesolimbic circuitry. The mesolimbic
system participates in: valence and value encoding and responses
(Pecina et al., 2006; Hamid et al., 2016), conditioning and rein-
forcement (Tsai et al., 2009; Steinberg et al., 2013), reward seek-
ing (Wassum et al., 2013; Fischbach-Weiss et al., 2018), and
goal-directed behavior (Phillips et al., 2003; Roitman et al., 2004;
du Hoffmann and Nicola, 2014). Collectively, these processes are
thought to promote approach and consumption of nutrients

based on “hedonics” whereas intake based on physiological need
is thought to be driven by “homeostatic” (e.g., hypothalamic)
circuitry (Tulloch et al., 2015). However, such dissociation of
hedonic and homeostatic processes is challenged by the apparent
integration of homeostatic perturbations by dopamine neurons.
For example, food restriction enhances burst firing of dopamine
neurons via postsynaptic mechanisms (Branch etal., 2013). Hun-
ger and its hormonal proxies augment dopamine release in the
NAc during feeding (Wilson et al., 1995) and in response to dis-
crete food delivery (Cone et al., 2014). By directly (via hormone
receptors on dopamine neurons; Liu and Borgland, 2015) or in-
directly (via projections to the VTA from energy balance-relevant
nuclei; Rossi and Stuber, 2018) monitoring changes in energy
balance, the dopamine system is well positioned to reinforce ap-
proach and consumption in the service of homeostasis.
Similarly to hunger (Branch et al., 2013; Cone et al., 2014),
evidence supports increased dopamine signaling by challenges to
body fluid homeostasis. Sodium deprivation and related hor-
mones decrease dopamine reuptake (Figlewicz et al., 1999; Roit-
man et al., 1999; Lucas et al., 2000), resulting in prolonged
extracellular dopamine (Cragg and Rice, 2004; Sulzer et al.,
2016). Additionally, dopamine production and release may be
increased by sodium depletion-associated hormonal manipula-
tions (Grafe and Flanagan-Cato, 2016). However, studies which
directly measure the effects of sodium depletion on dopamine
signaling dynamics are limited (Cone et al., 2016). Moreover, the
role of phasic dopamine signaling in thirst is unknown. By pair-
ing FSCV with intraoral taste infusions, we directly compared the
state-dependency of dopamine release patterns in the NAc shell
during the sensory experience of salt or water ingestion in states
of fluid balance, thirst and sodium appetite. Only under the con-
ditions of sodium depletion and water restriction do NaCl and
water stimuli, respectively, evoke increases in dopamine concen-
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Figure 5.  Expression of FG), FoxP2, and c-Fos within the pre-LC and PBel-inner of sodium replete and sodium deplete rats. A, Representative photoimages through the pre-LC (top row) and
PBel-inner (bottom row) of a sodium replete (left) and a sodium deplete (right) rat showing FG (blue), FoxP2 (red), and c-Fos (green) immunoreactive neurons and their colocalization (largerimage).
Representative cells that express all three markers appear white and are indicated by arrowheads. White circles and rectangles are the defined area of interest selected for quantification within the
pre-LCand PBel-inner, respectively, and dashed lines represent the boundaries of neuroanatomical landmarks used to establish the region of interest. B, Average cell counts (mean = SEM) of FG-,
FoxP2-, and c-Fos-expressing neurons in the pre-LC of sodium replete (gray bars; n = 4) and sodium deplete (black bars; n = 3) rats. (, Average cell counts (mean = SEM) of FG-, FoxP2-, and
¢-Fos-expressing neurons in the PBel-inner of sodium replete (gray bars; n = 4) and sodium deplete (black bars; n = 3) rats. D, Sodium depletion does not change the percentage of FG-expressing
neurons (FG ™) that coexpress FoxP2 (FG */FoxP2 ™) in the pre-LC (left) or PBel-inner (right). E, Sodium depletion increases c-Fos expression within FoxP2-expressing cells (FoxP2 */c-Fos ™) of the
pre-LC(left) and PBel-inner (right). F, Sodium depletion increases the expression of ¢-Fos within FG- and FoxP2-immunopositive cells of the pre-LC (left) and PBel-inner (right). In both brain regions,
sodium deplete rats (black bars) have a significantly increased percentage of FG- and FoxP2-expressing neurons (FG */FoxP2 *) that also express c-Fos (FG * /FoxP2 */c-Fos ) relative to sodium
replete (gray bars) rats. G, Approximate injection sites of FG in sodium replete (gray circles) and sodium deplete (black circles) rats. Injection sites are depicted as circles on coronal sections modified
from Paxinos and Watson (2007). Numbers to the left indicate approximate distance from bregma. B—F, Data are expressed as averages (mean == SEM) and data points from individual animals are
represented by open circles. mtV, Tract of the mesencephalic trigeminal nucleus; scp, superior cerebellar peduncle. *p << 0.05, ***p << 0.001.
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tration (Figs. 1, 2), highlighting the influence of physiological
state over the processing of sensory stimuli by the dopamine
system.

In addition to being prompted by homeostatic challenge, mo-
tivated behaviors are directed specifically at stimuli which satisfy
physiological need. The taste system has evolved to permit sen-
sory identification and discrimination. We hypothesized that the
taste of NaCl or water is selectively reinforced during sodium
appetite and thirst and expected phasic dopamine responses to be
tuned to taste qualities of the presented ingesta. Gustatory pro-
cessing occurs first in the oral cavity (Spector et al., 1996; Chan-
drashekar et al., 2006), and, as demonstrated here, discrimination
of taste stimuli is maintained by mesolimbic circuitry. Under
sodium deplete conditions, intraoral NaCl, but not KCl or water,
elicits an increase in dopamine concentration from baseline
within the NAc shell (Fig. 3). The taste transduction mechanism
for the detection of NaCl involves amiloride-sensitive epithelial
sodium ion channels, which are also permeable to LiCl (Spector
et al., 1996; Kellenberger et al., 1999). As a result, rats that are
chronically (Nachman, 1962) or acutely (demonstrated here) so-
dium deplete fail to discriminate between LiCl and NaCl. Fur-
thermore, intraoral LiCl infusion evokes phasic dopamine
responses similar to those evoked by NaCl (Fig. 3). Under condi-
tions of thirst, only water significantly augments phasic dopa-
mine signaling. The mechanism for stimulus-specificity of
dopamine responses to water following thirst is less clear than the
sodium specificity following sodium appetite. However, there is
evidence to suggest that water is a gustatory stimulus that drives
water-specific drinking responses (Rosen et al., 2010; Zocchi et
al., 2017). Future work is required to determine how lingual iden-
tification of water accesses the mesolimbic system.

Peripheral mechanisms exist to sense and respond to changes
in sodium and water balance. Homeostatic imbalances trigger
hormonal cascades to mediate the conservation, excretion and
intake of sodium or water (Fitzsimons, 1972; Schulkin, 1992; Leib
et al., 2016). However, the central circuits by which body fluid
regulatory hormones influence the mesolimbic system to gate
dopamine responses are unknown. Our studies support a circuit
by which NAc dopamine release is modulated by aldosterone
signaling. During sodium deprivation, hindbrain 113-hydro-
xysteroid dehydrogenase 2-expressing (HSD2) neurons are acti-
vated by increases in circulating aldosterone (Geerling et al.,
2006). Activation of these neurons is necessary for the induction
of a sodium appetite (Jarvie and Palmiter, 2017; Resch et al.,
2017). HSD2 neurons project to FoxP2-expressing neurons of the
pre-LC and PBel-inner (Geerling et al., 2011), which in turn,
project to the VTA (Shin et al., 2011). It remains possible, how-
ever, that aldosterone modulates dopamine release through alter-
native circuits (Geerling and Loewy, 2006; Shekhtman et al.,
2007; Shin et al., 2011) or through direct action on dopamine
neurons (Roitman et al., 1999). Additionally, aldosterone signal-
ing is one of many hormonal contributors to the expression of a
sodium appetite. It is likely that angiotensin-II, atrial natriuretic
peptide, vasopressin and oxytocin also influence dopamine re-
lease through direct and/or circuit-level mechanisms (Stellar,
1993, Xiao et al., 2017).

Dietary (Geerling et al., 2011) and acute pharmacological in-
duction of sodium deprivation (Figs. 4, 5) increases activity of
FoxP2-expressing pre-LC and PBel-inner neurons. Here, we
show that the activity of VT A-projecting FoxP2 neurons of both
the pre-LC and PBel-inner is modulated by sodium depletion
(Fig. 5). Thus, demonstrated projections from these pontine nu-
clei to the VTA may contribute to the state-dependency of dopa-
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mine signaling during sodium appetite by increasing the
excitability of the VTA and thereby facilitating dopamine release
evoked by the taste of sodium. It is also possible that sodium
deprivation-responsive neurons of the pre-LC and PBel-inner
modulate dopamine release through a multisynaptic projection
that targets NAc dopamine terminals (Shekhtman et al., 2007),
although a direct projection from pre-LC or PBel-inner FoxP2
neurons is not likely (Shin et al., 2011). Projections to the VTA or
NAc from other nuclei that respond to sodium deficit (i.e., BNST;
Resch et al., 2017) remain unexplored, as are the potential sites
that modulate dopamine responses to water during thirst (i.e.,
SFO; Matsuda et al., 2017). The ability of HSD2 projections, di-
rectly or through pontine relay nuclei, to alter dopamine neuron
excitability, dopamine release, and arouse motivated behavior
remains to be tested. While causal studies combining FSCV with
optogenetic and chemogenetic approaches are necessary, our
work highlights the pre-LC and PBel-inner as candidate nuclei
for relaying physiological state to mesolimbic circuitry. The sites
which relay taste information to the VTA should also be investi-
gated. Nuclei of the ventral taste pathway have been implicated in
the gustatory processing of sodium (Wolf and Quartermain,
1967; Cox et al., 1978; Grill et al., 1986) but the mechanism by
which taste stimuli, and specifically sodium, evokes phasic dopa-
mine responses is unknown.

Recent studies have suggested that synchronous activation of
VTA dopamine neurons, rather than promoting intake of nutri-
tive stimuli, actually disrupt it. Indeed, prolonged, tonic-like (5
Hz) stimulation of VTA dopamine neurons selectively suppresses
sucrose consumption (Mikhailova et al., 2016). Chemogenetic
activation of VTA dopamine neurons reduced feeding and in-
creased locomotion (Boekhoudt et al., 2017). Finally, phasic, op-
togenetic activation of VTA dopamine neurons reduced both
sodium appetite and sucrose consumption (Sandhu et al., 2018).
These findings challenge the current dataset. However, it is pos-
sible that less discriminate, synchronous recruitment of dopa-
mine neurons might cloud a more selective signal that arises from
the interaction between a deprivation state and the taste of the
needed stimulus.

Survival requires tight control of many physiological pro-
cesses, which give rise to diverse and distinct adaptive behaviors.
Furthermore, the environment includes a wide variety of
biologically-required stimuli. Competing drive states must be
prioritized to support the approach and consumption of a highly
selective subset of stimuli, given the current physiological state
(Conover and Shizgal, 1994; Conover et al., 1994; Madsen and
Ahmed, 2015). It is therefore imperative that the neural sub-
strates of reinforcement are sensitive to both biological need and
identifying properties of environmental stimuli. As phasic dopa-
mine signaling in the NAc is sufficient for positive reinforcement
(Steinberg et al., 2013), the state and taste specific phasic dopa-
mine signals observed here likely participate in promoting the
continued consumption of homeostasis-restoring stimuli.
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