
FUNCTION , 2025, 6(2): zqaf014 

https://doi.org/10.1093/function/zqaf014 
Advance Access Publication Date: 5 Mar c h 2025 
Original Resear c h 

ORIG INAL  RESEAR  C  H  

High-Salt Diet Increases Supr achiasma tic Neuronal 

Excitability Through Endothelin Receptor Type B 

Signaling 

Jodi R. Paul 1 , Megan K. Rhoads 

2 , Anna Elam 

1 , David M. Pollock 

2 , * , Karen 

L. Gamble 

1 , * 
1 Division of Behavioral Neurobiology, Department of Psychiatry, University of Alabama at Birmingham, 
Birmingham, Alabama, 35294, USA, 2 Section of Cardio-Renal Physiology and Medicine, Division of Nephrology, 
Department of Medicine, University of Alabama at Birmingham, Birmingham, Alabama, 35233, USA 

∗Addr ess corr espondence to K.L.G. (e-mail: klgamb le@ua b.edu ), D.M.P. (e-mail: davidpollock@ua bmc.edu ) 

Abstract 

Circadian rhythms are 24-h oscillations in behavioral and biological processes such as blood pressure and sodium 

excretion. Endothelin B (ET B ) receptor has been connected to the molecular clock in peripheral tissues and plays a key role 
in the regulation of sodium excretion, especially in response to a high-salt diet. However, little is known about the role of 
ET B in the primary circadian pacemaker in the brain, the suprachiasmatic nucleus (SCN), despite recent reports showing its 
enrichment in SCN astrocytes. In this study, we tested the hypothesis that high-salt diet (4.0% NaCl) impacts the circadian 

system via the ET B r ece ptor at the behavioral, molecular, and physiological levels in C57BL/6 mice. Two weeks of high-salt 
diet feeding changed the organization of nighttime wheel-running activity, as well as increased the SCN expression of ET B 

mRNA determined by fluorescence in situ hybridization at night. Neuronal excitability determined using loose-patch 

electr ophysiology w as also elev ated at night. This high-salt diet-induced incr ease in SCN acti vity w as ameliorated by ex 

vi v o bath application of an ET B antagonist and could be mimicked with acute treatment of endothelin-3. Finally, we found 

that the excitatory effects of endothelin-3 were blocked with co-application of an N-methyl-D-aspartate (NMDA) receptor 
antagonist, suggesting that glutamate mediates endothelin-induced neuronal excitability in the SCN. Together, our data 
demonstrate the presence of functional ET B receptors in SCN astrocytes and point to a novel role for endothelin signaling in 

mediating neuronal responses to a dietary sodium intake. 
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ircadian rhythms are 24-h oscillations in behavioral and
hysiological processes such as blood pressure and sodium
xcretion. 1 , 2 At the cellular level, circadian rhythms are con-
rolled by a transcriptional translational feedback loop of core
lock genes, which dri v e time-of-day changes in expression
f n umer ous, tissue-specific, clock-contr olled genes. 3 While
hese local circadian “clocks” exist throughout all tissues, the
entr al pacemaker—the supr ac hiasmatic nucleus (SCN) of the
ypothalam us—serv es as the primary clock for the body. The
CN is r esponsib le for synchr onizing peripheral tissues and the
h ythms the y dri v e with external time cues such as light as
ell as other secondary clocks. Time-of-day information is com-
unicated by the SCN to local clocks through daily rhythms

n spontaneous neuronal activity, with high activity during the
ay and low activity at night. 4 Recent work has demonstrated
hat this canonical SCN output is affected by acute salt load-
ng through signaling from the organum vasculosum of the
amina terminalis (OVLT), 5 yet the effect of chronic consump-
ion of a high-salt diet (HSD) is still unknown. It is well known
hat homeostatic control of thirst and acute drinking behav-
or is dri v en by the subfornical organ (SFO), which induces a
apid increase in water intake in response to hyperosmolar-
ty (for re vie w see Zimmerman 

6 ). Howe v er, the r ecent emer-
ence of the SCN-OVLT axis as a dri v er of daily rhythms in fluid
ntake, independent of plasma osmolarity, 5 , 7 has highlighted
 a
he SCN response to HSD as a remaining gap in our current
nderstanding. 

The endothelin system plays an important role in cardio-
 ascular r egulation and fluid-electr ol yte homeostasis. 8 This sys-
em is made up of 2 G-protein–coupled receptors and 3 struc-
urally similar ligands, 8 with many of these components present
n the hypothalamus. 9 Endothelin B (ET B ) r ece ptors in the kid-
e y pla y a ke y role in the excretion of salt and regulation of
 lood pr essur e, particularl y in r esponse to an HSD. 10 Specificall y,
ndothelin-1 (ET-1) functions as an autocrine factor to stimu-
ate ET B r ece ptors in r esponse to an HSD to inhibit the r ea b-
orption of sodium. Loss of ETB r ece ptor function impairs the
bility of the kidney to excrete salt and so the resulting salt-
ependent hypertension is necessary for maintaining balance
etween intake and excretion. 9 Recent evidence from our group
nd others suggests a connection between the molecular clock
nd the endothelin system in peripheral tissues. 2 , 11 Interest-
ngly, single-cell RNA sequencing of the SCN has r ev ealed that
dnrb encoding ET B is expressed in SCN astr ocytes. Mor eov er,
CN endothelial cells rhythmically express clock genes as well
s Edn3 (encoding endothelin-3 or ET-3). 12 This result suggests
hat the endothelin system has a physiological role in the SCN,
nd although several studies have examined endothelin in other
ypothalamic nuclei, 13 , 14 the functional role of the endothelin
ystem in the SCN remains unexplored. Therefore, the goal of
his study was to determine the potential role for ET B in the SCN,
nd specifically, the SCN response to an HSD. 
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aterials and Methods 

nimals 

ale and female, 2-month-old C57BL6/J mice wer e br ed in house 
r pur c hased fr om J ax (Strain #:000664) and then gr oup housed

unless otherwise noted) in a 12:12 light/dark (LD) cycle with 

ood and water provided ad libitum. For the day/night and phar- 
acological recordings, mice were acclimated to a reverse LD 

ycle ≥2 weeks before feeding interventions. Mice were fed 

ither an HSD (4% NaCl, Teklad Diets, #92034) or normal salt 
iet (NSD, 0.49% NaCl) for 2 weeks prior to experiments and were 
uthanized with cervical dislocation and rapid decapitation. The 
-week period was chosen to allow animals to adjust the many 
actors that regulate fluid electrolyte balance and is typical of 
hat used in rodent studies. 15–18 All animal procedures were 
ppr ov ed by the Uni v ersity of Ala bama at Birmingham Institu- 
ional Animal Care and Use Committee in accordance with the 
IH Guide for the Care and Use of Laboratory Animals . 

ehavior 

o avoid the confounding effects of the estrous cycle on wheel- 
unning activity such as an inconsistent “siesta” period, 19 , 20 

nly male mice were used for this experiment. Male mice 
ged 3-4 months were single-housed in individual wheel- 
unning cages, and wheel-running activity was recorded and 

nalyzed with ClockLab software (Actimetrics, Wilmette, IL). 
ice assigned to the HSD group w ere switc hed to HSD when 

rst placed in wheel-running cages, while NSD mice contin- 
ed on normal chow. Behavior was analyzed across days 11-19 
fter start of diet to allow time for acclimation to wheel-running 
ages. Actograms of activity in 6-min bins were used to deter- 
ine the time of activity onset and offset as well as alpha length 

s pr eviousl y described. 21 Av era ge acti vity pr ofiles in 1-h bins
ere used to compare activity between groups across full 24- 
 cycle. Indi vidual acti vity pr ofiles in 30-min bins wer e used to
etermine time of “siesta” and length of the first and second 

outs of activity per night. Time of “siesta” was defined as the 
0-min period of lowest activity between Zeitgeber time (ZT) 18- 
3 (where ZT 12 refers to lights off). 22 The start and the end 

f each activity bout were determined as the first 30-min bin 

hat cr ossed a bov e or below 50% maxim um acti vity, r especti v el y
see Figure 1 C) and were used to calculate the first and second 

out duration. 23 In mice without a second peak in activity or 
here the second peak did not cross this threshold, the second 

out duration was considered zero. 

lectrophysiology 

ale and female mice were fed HSD or NSD for 2 weeks ad lib 
tarting at 2.5 months of age. Fresh brain slices were prepared 

sing pr eviousl y pub lished methods (as in Paul et al. 24 ). Briefly, 
r ains w ere submerg ed in ice-cold oxyg enated sucrose saline 

in m m ): 250 sucrose, 26 NaHCO 3 , 1.25 Na 2 -HPO 4 -7H 2 O, 10 glu-
ose, 2.5 MgCl 2 , and 3.5 KCl, and coronal SCN–containing sec- 
ions (200 μm) sections were taken on a vibroslicer (Campden 

000SMZ, World Precision Instruments). Slices were rested for 
20 min at RT in an oxygenated mixture of 50% sucrose saline 
nd 50% extracellular solution (in m m ): 130 NaCl, 20 NaHCO 3 , 
 Na 2 -HPO 4 -7H 2 O, 10 glucose, 1.3 MgSO 4 -7H 2 O, 3.5 KCl, and 2.5
aCl 2 . Slices were transferred to a heated (34 ◦C ± 0.5 ◦C) record- 

ng chamber and contin uousl y perfused (2 mL/min) with oxy- 
enated extracellular solution for the duration of the record- 
ng window. For pharmacological experiments, treatments were 
ath-applied 30 min before the start of recordings and remained 

n bath throughout the 4-h window. Individual cells were visu- 
lized using differential interference contrast (DIC) on an Axio 
xaminer microscope (Carl Zeiss Inc.). Targeted loose-patch 

 ecordings wer e made fr om SCN neur ons during the day (ZT 4-8)
r night (ZT 14-18) using 3-5 m � resistance glass pipettes filled 

ith internal solution (in m m ): 150 NaCl, 10 4-(2-h ydroxyeth yl)
iperazine-1-ethanesulfonic acid (HEPES), 10 glucose, 2.5 CaCl 2 , 
.3 MgCl 2 , and 3.5 KCl. Electrophysiological recordings were 
ampled at 20 kHz and filtered at 10 kHz using a Multiclamp 

00B amplifier and pClamp 11.2 softw ar e (Axon Instruments). 
pontaneous firing rate was measured using 2-min recordings 

n gap-free mode and analyzed in Clampfit 11.2. 

harmacology 

RL-1620 (Tocris, #1196), ET-3 (Tocris, #1162), and 3-(2-carboxyp- 
perazin-4-yl)propyl-1-phosphonic acid (CPP, Abcam, ab144495) 
er e dissolv ed in w ater. A-192621 (Med Chem Express, HY- 

20295) and 2-cyano-3-(4-h ydroxyphen yl)-2-propenoic acid 

CHC; Tocris, #5029) wer e dissolv ed in dimethyl Sulfoxide 
DMSO) before being added to recording solution for a final 
 orking concentr ation of 0.03% and 0.2% DMSO, r especti v el y. 

luorescence in Situ Hybridization 

r esh fr ozen brain tissue w as sectioned at 15- μm thickness
hrough the SCN and mounted on glass slides. Slides were 
tored at −80 ◦C until ready for staining. Sections were stained 

sing the man ufactur er-designed pr obes for Ednrb (Advanced 

ell Diagnostics Bio catalog #473801), Eno2 (catalog #517261), 
nd Gfap (catalog #313211) according to the man ufactur er’s r ec- 
mmended protocols. Briefly, slides were fixed in 10% neutral 
uffered formalin at 4 ◦C for 15 min. Slides were then dehy- 
rated through an ethanol series, then dried at RT for 5 min. A
ydrophobic barrier was drawn around the section and the tis- 
ue incubated with protease IV for 30 min at RT. After washing 
n phosphate buffered saline (PBS) , slides were incubated with 

he appropriate probe mix for 2 h at 40 ◦C in the HybEZ II Oven
ACD Bio). Sections were then processed with the RNAScope Flu- 
rescent Multiplex Assay v2 r ea gents using the man ufactur er’s 
ecommendations. 

Ima ges wer e quantified using a custom semi-automated 

ipeline in Cell Profiler (v4.2.1). Briefly, DAPI was used to iden- 
ify nuclei within the boundaries of the SCN, which were then 

sed to identify Ednrb -positi v e n uclei. The r egion of inter est
R OI) for Ednrb -positi v e n uclei w as then expanded out by 10 pix-
ls. Ednrb expression was measured as the percentage of an ROI 
rea, which was covered by Ednrb signal. 

ta tistical Anal ysis 

ll data were analyzed using SPSS 29 (IBM). All data were tested 

or assumptions of normality and homogeneity of variances, 
nd violations of these assumptions were handled with trans- 
ormations or use of nonparametric tests as needed. Behavioral 
ata wer e anal yzed using inde pendent-samples t -tests or 2-w ay,
 e peated-measur es anal ysis of v ariance (ANOVA) with Holm- 
onferr oni-corr ected post hoc. Fluorescence in situ hybridiza- 
ion (FISH) data were square root-transformed to correct for 
 non-normal distribution and analyzed with a linear mixed 

odel with a first-order auto-r egr essi v e cov ariance structur e
sing “batch” as a covariate and “time” and “diet” as fixed factors 
nd r e peated measur es acr oss cells within each brain. Estimated
arginal means (EMM) and 95% CI r e ported in results were 
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Figure 1. High-salt diet (HSD) alters the pattern of daily wheel-running activity. (A) Representative double-plotted actograms of wheel-running activity from mice fed 
normal salt diet (NSD) (left) or HSD (right) for 2 weeks prior to analysis. Periods of dark indicated by gray shading. (B) Means ± SEM of av era ge 24-h acti vity pr ofile for 
mice r e pr esented in A, plotted in 1-h bins r ev ealed differ ences in organization of acti vity (time × diet interaction, F (5.861, 58.61) = 110.725; P < .001). Specifically, HSD-fed 

mice had significantly higher activity at Zeitgeber time (ZT) 19 (Holm-Bonferroni post hoc, P = .013). (C) Acti vity pr ofiles for indi vidual NSD- (two left traces in each row) 
or HSD-fed (two right traces in each row) mice plotted in 30-min bins used for analysis of siesta period (triangle) and the first and second activity bouts (see methods). 
Dotted line indicates 50% max activity for each animal. (D-H) Means ± SEM for av era ge acti vity (D; t (10) = 0.813), alpha length (E; t (10) = −2.24), length of first activity 
bout (F, t (10) = 2.845), length of the second activity bout (G, t (10) = −2.133), and total time in activity bout ( H , t (10) = 2.154). Dots r e pr esent v alues for indi vidual animals. 

N = 6 mice per group. 
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Figure 2. High-salt diet (HSD) increases supr ac hiasmatic nucleus (SCN) neuronal excitability at night. (A) Violin plots of spontaneous action potential frequencies 
of SCN neurons from mice fed normal salt diet (NSD) or HSD for 2 weeks, recorded during the day (Zeitgeber time [ZT] 4-8) or night (ZT 14-18). HSD significantly 

increased SCN firing at night (time × diet interaction, H (1) = 10.392, P = .001; NSD-night vs. HSD-night post hoc, P < .001), but had no effect during the day ( P = 1.00). 
Solid and dotted lines indicate median and quartiles, r especti v el y. n = 143 (NSD-day), 155 (HSD-day), 151 (NSD-night), and 155 (HSD-night) cells; 4 mice per group. (B) 
Re pr esentati v e loose-patc h tr aces (5 s) from eac h group. Scale bars: 2 s, 50pA. (C) Percentage of silent (empty bars) versus spiking (filled bars) cells for each group in A 
and B. Thr ee-w ay loglinear anal ysis r ev ealed a significant incr ease in silent cells at night for both diets (time × spiking interaction, χ2 

(1) = 28.949, P < .001), as well as 

an increase in the proportion of spiking cells in HSD mice at both times of day (diet × spiking interaction, χ2 
(1) = 7.661, P = .006). 
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ac k tr ansformed for clarity of interpretation. Due to the non- 
ormal distribution of SCN spike rate data, loose-patch results 
er e anal yzed with nonpar ametric Kruskal-Wallis tests ( F igure 
 ) or the Scheir er-Ray-Har e extension of the Kruskal-Wallis tests, 
hich allows for a 2 × 2 design. Sex was included as a factor in 

nitial analysis of electrophysiological data and found to have no 
ignificant main effect or interactions; thus, data from male and 

emales animals were combined for the final analysis. Contin- 
ency data were analyzed with 3-way loglinear analysis and χ2 

ests. Significance was ascribed at P < .05. 

esults 

o examine the impact of dietary salt intake on daily activity 
atterns, male C57 mice were placed in wheel-running cages 
nd fed high (4% NaCl) or normal (0.49% NaCl) salt diet. Con- 
istent with our previous work in rats, 25 HSD did not impact 
he ov erall acti vity lev els in mice ( Figur e 1 A and D). Howev er,
SD changed the organization of activity across the 24-h cycle 

 Figur e 1 B). Specificall y, HSD-fed animals had incr eased acti vity 
t ZT 19. Inter estingl y, this time of the night is typically referred 

o as the “siesta” period—the appr oximatel y 2-h period in the 
ate night where mice will sleep. 22 In fact, when we examined 

he timing of the mid-point of the “siesta” period (as defined 

n the “Materials and Methods” section), HSD-fed mice trended 

o war d a later siesta (mean ± SEM: HSD, 21.83 ± 0.62; t -test, 
 (5) = 2.169, P = .082) but with significantly greater variability 
cross animals; whereas in NSD-fed mice, the siesta mid-point 
ccurred at ZT 20.5 for every mouse (Levene’s test, F (1,10) = 7.191, 
 = .023; Figur e 1 C arr owheads). Mor eov er, the first nightly bout
f acti vity w as > 2 h longer in HSD-fed mice on av era ge ( Figur e
 F), while there was a trend for the second, post-rest, bout of 
ctivity to be shorter in HSD-fed mice ( Figure 1 G). This change 
o the late-night rest period is was also reflected in the trend 

or HSD-fed mice to spend more time of the night in an activ- 
ty bout ( Figure 1 H), despite significantly longer alpha lengths 
time between activity onset and activity offset) of NSD-fed mice 
 Figure 1 E). Together, these results suggest, HSD-fed mice are 
ess likely to take a siesta, and if a siesta is present, it is likely to
e shorter in duration. 

We next sought to determine whether changes in SCN out- 
ut could account for the HSD-induced changes in behavior. 
o do this we examined spontaneous action potential firing 
r om SCN neur ons during the day or night after 2 weeks on
n HSD or NSD. As expected, NSD-fed mice had a day/night 
ifference in SCN spike r ate , with higher activity during the 
ay (median [interquartile range or IQR]: NSD-day, 2.59 [0.65- 
.40]; NSD-night, 0.19 [0.00-1.49 Hz]; Figure 2 ). This day/night 
iffer ence w as b lunted in neur ons fr om mice fed an HSD

median [IQR]: HSD-day, 2.52 [0.64-5.55]; HSD-night, 1.28 [0.07- 
.07 Hz]). Inter estingl y, this change w as specificall y dri v en
t night, at which time the av era ge spike rate of neurons
rom HSD-fed mice was more than double that of NSD neu- 
 ons. Additionall y, HSD decr eased the pr oportion of silent cells
ompar ed to NSD acr oss both times of day, with HSD cells
.07 times more likely to be spiking at night than NSD cells 
 Figure 2 C). 

Previous work has demonstrated that HSD increases the 
xpression of components of the ET system in various extrarenal 
issues including endothelial cells. 26–28 However, less is known 

bout the impact of the ET system in the centr al re gulation
f acclimation to an HSD despite evidence for endothelial cell 
xpression of Edn3 in the SCN ( Supplemental Figure S1 ; Wen et
l. 12 ), as well as expression of ET B receptors in multiple hypotha- 
amic regions, including the SCN. 9 , 12 , 29 To determine whether 
here is differential expression of Ednrb , the gene encoding ET B 

 ece ptors, a bout the day v ersus night or HSD v ersus NSD, we
ext used FISH to probe for Ednrb in SCN sections from NSD- 
nd HSD-fed animals collected at ZT 6 (day) or ZT 18 (night). SCN
ells exhibited a significant diurnal difference in Ednrb expres- 
ion, with higher expression during the day (main effect of time, 
 (1975) = 4.779, P = .029); however, this day/night difference was 
lunted in HSD-fed animals ( Figure 3 ). Specifically, HSD signif- 
cantl y incr eased Ednrb expr ession by 1.26 fold compar ed to
SD at night (EMM [95% CI]: HSD-night, 24.9% [23.7-26.2]; NSD- 
ight, 19.7% [18.4-21.1]) but did not have a significant effect on 

dnrb expression during the day (EMM [95% CI]: HSD-day, 23.3% 

art/zqaf014_f2.eps
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Figure 3. High-salt diet (HSD) increased supr ac hiasmatic nucleus (SCN) Ednrb 

expression at night. (A and B) Representative fluorescence in situ hybridization 
(FISH) images of SCN from normal salt diet (NSD) and HSD-fed mice showing 
expression of Ednrb (A) or Ednrb (red) plus DAPI (b lue, B) expr ession during the day 
(Zeitgeber time [ZT] 6) or night (ZT 18). (C) Quantification of Ednrb expression per 

cell from groups represented in A and B. HSD significantly increased expression 
of Ednrb at night (time × diet interaction, F (1974.7) = 23.209, P < .001; NSD-night vs. 
HSD-night post hoc, P < .001), when Ednrb expression is low in NSD-fed mice, but 
had no effect during the day ( P = .372). Solid and dotted lines indicate median 

and quartiles, r especti v el y. n = 856 (NSD-day), 931 (HSD-day), 470 (NSD-night), 
and 657 (HSD-night) cells; 4 (NSD-night) or 6 (NSD-da y, HSD-da y, and HSD-night) 
mice per group. 

[  

i

r  

i  

t  

t  

a  

B  

v  

1  

B  

b  

t  

c  

e
 

i  

t  

S  

o  

n  

o  

e  

m  

c  

[  

o  

f  

a  

1  

i  

n  

g  

s  

c  

c  

E  

n
 

r  

s  

s  

o  

c  

S  

t  

l  

b  

i  

t  

r  

j  

3  

C  

i  

t  

[  

C  

[  

C  

F  

c  
22.2-24.3]; NSD-day, 24.0% [22.9-25.1]), consistent with the HSD-
nduced changes in SCN firing rate. 

We next sought to confirm the presence of functional ET B 

 ece ptors in the SCN and determine whether their acti v ation
s sufficient to incr ease SCN neur onal acti vity. To do this, we
reated acute brain slices from NSD-fed mice with either a selec-
i v e ET B a gonist (IRL-1620, 10 n m ), ET-3 (10 n m ), or v ehicle (w ater),
nd r ecorded fr om SCN neur ons during the pr ojected night.
oth treatments significantly increased SCN firing compared to
 ehicle-tr eated contr ols (median [IQR]: Veh, 0.11 [0.00-2.18]; IRL-
620, 1.26 [0.00-3.11]; ET-3, 1.24 [0.07-3.50 Hz]; Figure 4 A and
). Mor eov er, ET-3-tr eated cells wer e 2.93 times mor e likel y to
e spiking than v ehicle-tr eated contr ols ( Figur e 4 C). Together,
hese results demonstrate that bath application of ET-3 suffi-
iently mimics the effects of HSD feeding on nighttime SCN
xcitability. 

Gi v en that ET B r ece ptor acti v ation w as capa b le of incr eas-
ng SCN firing at night, we next determined whether ET B r ece p-
or acti v ation is necessar y for the HSD-induced incr ease in
CN neur onal acti vity at night. To do this, we fed mice NSD
r HSD for 2 weeks and then recorded from SCN neurons at
ight in the presence of chronically bath-applied ET B antag-
nist (A-1922621, 1 μm ) or v ehicle contr ol (DMSO, 0.03%). As
xpected, in v ehicle-tr eated slices, SCN cells fr om HSD-fed ani-
als had a significantly higher spike rate compared to NSD

ontrols (median [IQR]: NSD-veh, 0.08 [0.00-1.31]; HSD-veh, 2.21
0.24-4.51 Hz]; Figure 5 A and B). Treatment with the ET B antag-
nist significantly reduced the spontaneous firing rate of cells
rom HSD-fed mice but had no effect on cells from NSD-fed
nimals (median [IQR]: HSD, 0.20 [0.00-2.56]; NSD, 0.00 [0.00-
.29 Hz]). Although the HSD + antagonist cells were still signif-
cantl y mor e excita b le than NSD + anta gonist cells ( P = .018),
eur onal acti vity w as r estor ed to lev els similar to the NSD + v eh
roup ( P = .521). Mor eov er, the proportion of silent cells were
imilar across all groups except the HSD + veh, with HSD + veh
ells 3.44 times mor e likel y to be spiking than HSD + antagonist
ells ( Figure 5 C). Taken together, these results suggest that local
T B signaling in the SCN contributes to HSD-induced changes in
eur onal excita bility. 

In other brain ar eas, ET B r ece ptors ar e localized to both neu-
 ons and astr oc ytes 13 ; ho wev er, a r ecent single-cell RNA-seq
tudy in the SCN r e ported a substantial enrichment of Ednrb
pecificall y in astr ocytes. 12 , 29 Similarly, we found co-expression
f Ednrb in cells expressing the astrocytic marker, Gfap , but not in
ells expressing the neuronal marker, Eno2 ( Supplemental Figure
2 ), confirming the astrocytic enrichment of Ednrb in the SCN. In
he SFO, acti v ation of glial ET B r ece ptors pr omotes the r elease of
actate , whic h can be taken up into neurons through monocar-
oxylate transporters (MCTs), and leads to increased excitability

n local neurons. 14 To test whether lactate was also involved in
he SCN neuronal response to ET-3, we performed loose-patch
ecordings of SCN neurons from NSD-fed animals at night (pro-
ected ZT 14-18) in the presence of vehicle (DMSO, 0.2%), ET-
 (10 n m ), the MCT inhibitor, CHC (200 μm ), or ET-3 + CHC.
onsistent with our a bov e findings, ET-3 treatment significantly

ncreased the spike rate of SCN neurons compared to vehicle-
r eated contr ols (median [IQR]: v eh, 0.01 [0.00-0.80]; ET-3, 1.27
0.00-3.56 Hz]; Figure 6 A and B). Treatment with the MCT blocker,
HC, completel y b locked this ET-3-induced excita bility (median

IQR]: CHC, 0.02 [0.00-0.71]; ET-3 + CHC, 0.02 [0.00-0.92 Hz]), while
HC had no effect on SCN firing rate in v ehicle-tr eated slices.
urthermor e, ET-3-tr eated slices had a significantly higher per-
entage of spiking cells compared to all other treatment groups,
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Figure 4. Endothelin B (ET B ) acti v ation incr eases nighttime supr ac hiasmatic n ucleus (SCN) neur onal acti vity. (A) Violin plots of spontaneous action potential fr equencies 
of neur ons fr om SCN slices tr eated with v ehicle (w ater), ET B a gonist (IRL-1620, 10 n m ) or ET-3 (10 n m ). Both tr eatments significantl y incr ease spontaneous firing rate 

compared to vehicle ( H (2) = 17.842, P < .001). Solid and dotted lines indicate median and quartiles, respectively. n = 133 (vehicle), 146 (IRL-1620), and 130 (ET-3) cells; 
3 mice per group. ∗∗P = .007, ∗∗∗P < .001. (B) Representative loose-patch traces (5 s) from each group. Scale bars: 2 s, 50pA. (C) Percentage of silent (empty bars) versus 
spiking (filled bars) for cells differed between groups ( χ2 

(2) = 13.529, P = .001), with significantly more silent cells in ET-3-treated slices compared to vehicle ( P < .05). 
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Figure 5. Endothelin B (ET B ) anta gonist r educes high-salt diet (HSD)-induced supr ac hiasmatic n ucleus (SCN) hyper excita bility at night. (A) Violin plots of spontaneous 

action potential frequencies of SCN neurons treated with ET B antagonist (A-192621, 1 μm ) or vehicle (DMSO, 0.03%) from normal salt diet- (NSD-) or HSD-fed mice. 
Blocking ET B significantly reduced neuronal activity in neurons from HSD-fed mice (diet × treatment interaction, H (1) = 9.430, P = .002; HSD-veh vs. HSD-antagonist 
post hoc, P < .001), but did not affect neurons from NSD-fed controls ( P = 1.00). Solid and dotted lines indicate median and quartiles, respectively. n = 153 (NSD-veh), 

177 (NSD-antagonist), 176 (HSD-veh), and 172 (HSD-antagonist) cells; 4 mice per group. (B) Representative loose-patc h tr aces (5 s) from each group. Scale bars: 2 s, 50pA. 
(C) Percentage of silent (empty bars) versus spiking (filled bars) for cells differed between groups (3-way interaction, χ2 

(1) = 3.965, P = .046), with HSD-veh slices having 
significantl y mor e spiking cells than all other gr oups ( P < .05). 
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ith ET-3-treated cells 2.19 times more likely to be spiking than 

T-3 + CHC–treated cells ( Figure 6 C). 
In a nearby hypothalamic region, the supraoptic nucleus 

SON), astrocytic ET B receptor activation has been shown to aug- 
ent neuronal activity through glutamatergic signaling. 13 More- 

v er, r ecent w ork has demonstr ated that glutamate serves as 
 mechanism by which astrocytes regulate SCN neuronal syn- 
hr ony. 30 Ther efor e, we next tested whether glutamatergic sig- 
aling underlies the increase in neuronal activity in response to 
T-3 in the SCN. To do this, we performed loose-patch recordings 
r om SCN neur ons fr om NSD-fed animals at night (pr ojected ZT 

4-18) in the presence of vehicle (water), ET-3 (10 n m ), the NMDA 

locker, CPP (10 μm ), or ET-3 + CPP. Consistent with our a bov e
ndings, ET-3 treatment significantly increased the spike rate 
f SCN neurons, compared to vehicle-treated controls (median 

IQR]: veh, 0.02 [0.00-0.85]; ET-3, 1.22 [0.05-4.34 Hz]; Figure 7 A and 

). Remarka b l y, tr eatment with the NMDA anta gonist, CPP, com- 
letel y b locked this ET-3-induced excita bility (median [IQR]: CPP, 
.08 [0.00-1.25]; ET-3 + CPP, 0.07 [0.00-1.08 Hz]). In the presence of 
ehicle, CPP had no effect on SCN firing r ate . Similar to the effect 
n spike r ate , ET-3-treated slices had a significantly lower per- 
entage of silent cells, compared to all other treatment groups, 
ith ET-3-treated cells 3.9 times more likely to be spiking than 

T-3 + CPP–treated cells ( Figure 7 C). Together, these results sug- 
 est that glutamaterg ic signaling mediates the excitatory effects 
f ET-3 on SCN neurons at night. 

iscussion 

he goal of our current study was to determine the impact of 
igh salt intake on output signaling of the central circadian 

acemaker, as well as explore the ET system as a possible mech- 
nism underlying these changes. Here, we present 3 major find- 
ngs: (1) 2 weeks of HSD feeding is sufficient to change the orga-
ization of daily wheel running without impacting the overall 
cti vity lev els, (2) chr onic HSD enhances SCN neur onal excita bil-
ty at night due to local ET signaling involving activation of ET B 

 ece ptors localized to SCN astrocytes, and (3) ET-3-dri v en neu-
 onal acti v ation de pends on MCT function and NMDA r ece p-
or acti v ation. To our knowledge, our results are the first to

art/zqaf014_f4.eps
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Figure 6. Supr ac hiasmatic n ucleus (SCN) neur onal r esponse to endothelin-3 (ET-3) is de pendent on monocarboxylate tr ansporter (MCT) lactate tr ansporters. (A) Vio- 
lin plots of spontaneous action potential frequencies of neurons from SCN slices treated with vehicle (DMSO, 0.2%), MCT inhibitor (2-cyano-3-(4-h ydroxyphen yl)- 
2-propenoic acid [CHC], 200 μm ), ET-3 (10 n m ), or CHC + ET-3. ET-3 significantly increased SCN firing r ate , and this was blocked with CHC (CHC × ET-3 interaction, 
H (1) = 12.70, P < .001). Solid and dotted lines indicate median and quartiles, r especti v el y. n = 135 (veh), 130 (CHC), 134 (ET-3), and 143 (CHC + ET-3) cells; 3 mice per 

group. ∗∗∗∗P < .001 compared to all other groups. (B) Representative loose-patc h tr aces (5 s) from each group. Scale bars: 2 s, 50pA. (C) Percentage of silent (empty bars) 
versus spiking (filled bars) for cells differed between treatment groups (3-way interaction, χ2 

(1) = 3.971, P = .046), with ET-3 slices having significantly more spiking 
cells than all other groups ( P < .05). 

Figure 7. NMDA r ece ptors mediate supr ac hiasmatic n ucleus (SCN) neur onal r esponse to endothelin-3 (ET-3). (A) Violin plots of spontaneous action potential fr equencies 
of neurons from SCN slices treated with vehicle (water), NMDA blocker (3-(2-carboxyp-iperazin-4-yl)propyl-1-phosphonic acid [CPP], 10 μm ), ET-3 (10 n m ), or CPP + ET-3. 
ET-3 significantly increased SCN firing r ate , and this was blocked with CPP (CPP × ET-3 interaction, H (1) = 30.018, P < .001). Solid and dotted lines indicate median and 

quartiles, r especti v el y. n = 192 (v eh), 195 (CPP), 183 (ET-3), and 187 (CPP + ET-3) cells; 4 mice per group. ∗∗∗∗P < .001 compared to all other gr oups. (B) Re pr esentati v e 
loose-patc h tr aces (5 s) from eac h group . Scale bars: 2 s, 50pA. (C) P ercenta ge of silent (empty bars) v ersus spiking (filled bars) for cells differ ed between tr eatment 
gr oups (3-w a y interaction, χ2 

(1) = 18.157, P < .001), with ET-3 slices ha ving significantl y mor e spiking cells than all other gr oups ( P < .05). 
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emonstrate a novel mechanism for the circadian effects of HSD
ediated by the ET-3 peptide that appears to be deri v ed fr om

ndothelial cells to acti v ate ET B r ece ptors in the SCN including
 novel role for SCN astrocytes. 

Our initial finding that HSD feeding disrupts typical cir-
adian behavior contributes to the growing body of literature
ighlighting the SCN as a mediator of fluid-electr ol yte contr ol.
 r ecent study r e ported that incr eases in late-night neur onal
ctivity in arginine vasopressin-expressing SCN neurons pro-
ecting to the OVLT wer e r esponsib le for an increase in water
ntake during the end of the acti v e phase. 7 C57BL6 mice exhibit
 distinct pattern of nocturnal behavior with 2 distinct bouts of
cti vity se parated by a period of sleep often r eferr ed to as the
siesta.” 22 , 23 , 31 In this study, we found that 2 weeks of HSD led
o a reorganization of nighttime activity such that the initial
ctivity bout was extended into the mid-to-late night “siesta”
eriod. This resulted in a shortened second bout of activity, with
he second bout of activity entirely lost in half of the HSD-fed
nimals. These changes in locomotor activity coincided with an
ncr ease in SCN neur onal acti vity in the early-mid night (ZT 14-
8). Although future experiments are needed to determine the
hysiolog ical chang es dri ving this r eorganization of nighttime
ctivity, it is possible that this increase in SCN firing extends the
cti v e phase in order to lengthen the period of drinking (offset-
ing the high salt intake). While we do not measure water intake
n this study, this theory is consistent with our previous work
howing increased water intake in HSD-fed rats 25 and mice, 32 

rimarily during the active (ie, dark) phase. Future experiments
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xamining fluid intake at a higher resolution are needed to fully 
lucidate the timing of these changes. Inter estingl y, in humans, 
odium intake has been r e ported to hav e an opposite effect on 

ater consumption in the long term. 33 Gi v en that SCN activ- 
ty rhythms appear to be similar in both nocturnal and diur- 
al mammals, with higher activity in the light phase, 34 further 
esear c h into SCN control of thirst could provide valuable insight 
nto how these dynamics change across temporal niche. 

Our finding that HSD-induced neuronal excitability is driven 

y local endothelin signaling is supported by multiple pieces of 
vidence . F irst, w e demonstr ate that endothelial cells within the 
CN express Edn3 , the gene encoding ET-3, consistent with a pre- 
ious single-cell RNA-sequencing study. 12 Second, the increase 
n SCN spike rate persists for up to 6 h after external influences 
av e been r emov ed. Mor eov er, acute tr eatment with an ET B 

nta gonist r ev erses the effects of HSD ex vi v o. Although this evi-
ence supports a model with local SCN endothelial cell release 
f ET-3, it is important to note that circulating ETs in the blood 

r surrounding brain regions could also contribute to the behav- 
oral effects of HSD. Thus, futur e r esear c h should investigate 
he signaling mechanisms of dietary sodium to SCN endothe- 
ial cells, the length of time that the effects of HSD persist after 
iet r ev ersal, and the identification of other rhythmic processes 

n the SCN that are impacted by HSD. Prior single-cell RNA- 
equencing study of the SCN did not r ev eal detecta b le expr es-
ion of ET-1 ( Edn1 ) 12 that is considered the primary endothelial- 
eri v ed isoform. Consistent with these findings, we wer e una b le 
o detect ET-1 expression in the SCN using in situ hybridization 

data not shown). 
Although this study demonstrated a role for ET signaling in 

he SCN response to HSD, more work is needed to determine the 
unctional role of ET in central circadian regulation under nor- 

al, unchallenged, conditions. Recent work has demonstrated 

he existence of the portal vein system in which blood flows 
rom the SCN to the nearby OVLT at a higher rate at night than 

uring the day, dri v en by an as yet undetermined mechanism. 35 

nter estingl y, the rhythmic expression of Edn3 in SCN endothe- 
ial cells also peaks during the early night phase, 12 which raises 
he possibility for ET-3 contributing to the changes in flow rate 
cross time of day. Given that HSD-fed animals had an increase 
n Ednrb expression at night, when Edn3 is r e portedl y higher, it 
s possible that an increase in ET B r ece ptors sensitizes the SCN 

o a normally occurring nightly increase in ET-3 release. How- 
ver, a limitation of this study is the lack of measurement of 
T-3 release in the SCN in response to HSD. Thus, we cannot 
ule out the possibility that a change in ET-3 release also con- 
ributes to the HSD-induced excitability in the SCN. In fact, pre- 
ious work has demonstrated an increase in ET-3 release in the 
FO following dehydration, 14 so futur e r esearch should examine 
hether a similar process occurs within the SCN in response to 
SD. 

Although ET B r ece ptors hav e been found to be pr esent on 

oth astrocytes and neurons in other brain regions, 9 , 13 our data 
uggest these r ece ptors ar e r estricted to astr ocytes alone in the
CN. This is consistent with recent single-cell RNA sequencing 
ata showing Ednrb as an astrocytic marker in the SCN. 12 Addi- 
ionally, we found that ET-3-induced excitability was depen- 
ent on MCTs, which allow for the transport of lactate from 

str ocytes to neur ons, 36 consistent with pr evious findings in the 
FO. 14 As regulators of the blood-brain barrier, astrocytes are 
erfectly positioned to serve as a mediator between circulat- 

ng signals and neurons. In fact, even in a br ain re gion with 

oth astrocytic and neuronal expression of ET B receptors, like 
he SON, the neuronal response to ET B signaling appears to be 
ndir ect. Specificall y, ET B -induced changes in neuronal activity 
er e de pendent on astr ocytic modulation of glutamate or nitric 
 xide for e xcitator y or inhibitor y r esponses, r especti v el y. 13 The
r esent r esults show that ET-3 excited SCN neur ons at night, and
hus, we focused on glutamate-mediated signaling and found 

hat this excitatory effect was dependent upon NMDA receptor 
cti v ation. Howev er, futur e work should examine the possib le
echanisms by which astrocytic ET B activation may augment 

lutamatergic signaling, such as Ca 2 + -dependent exocytosis or 
odulation of excitatory amino acid transporters. 36 In fact, pre- 

ious work has shown that neuronal lactate uptake can lead 

o potentiation of NMDA r ece ptors thr ough alteration of r edox
tate. 37 Gi v en that extracellular lev els of glutamate ar e alr eady
levated in the SCN at night, 30 lactate-dri v en changes in NMDA 

 ece ptor sensiti vity could pr ovide a mechanism for ET-3-induced 

xcitability without a need for additional glutamate release. 
nter estingl y, astr ocytic r egulation of dail y rhythms in extracel-
ular glutamate has r ecentl y been shown to contribute to SCN 

etw ork sync hr ony. 30 Ther efor e, futur e work should examine
he impact of HSD consumption and/or endothelin signaling on 

ntra-SCN coupling as well. 
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