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Aldosterone up‑regulates 
voltage‑gated potassium currents 
and NKCC1 protein membrane 
fractions
parveen Bazard 1,4,6, Bo Ding1,4,6, Harish K. Chittam1,4, Xiaoxia Zhu1,4, Thomas A. Parks5, 
Thomas E. Taylor‑Clark5, Venkat R. Bhethanabotla3,4, Robert D. Frisina  1,2,3,4 & 
Joseph P. Walton1,2,3,4*

na+–K+–2Cl− Cotransporter (NKCC1) is a protein that aids in the active transport of sodium, 
potassium, and chloride ions across cell membranes. It has been shown that long‑term systemic 
treatment with aldosterone (ALD) can enhance NKCC1 protein expression and activity in the aging 
cochlea resulting in improved hearing. In the present work, we used a cell line with confirmed 
NKCC1 expression to demonstrate that in vitro application of ALD increased outward voltage‑gated 
potassium currents significantly, and simultaneously upregulated whole lysate and membrane 
portion NKCC1 protein expression. These ALD‑induced changes were blocked by applying the 
mineralocorticoid receptor antagonist eplerenone. However, application of the NKCC1 inhibitor 
bumetanide or the potassium channel antagonist Tetraethyl ammonium had no effect. In addition, 
NKKC1 mRNA levels remained stable, indicating that ALD modulates NKCC1 protein expression via 
the activation of mineralocorticoid receptors and post‑transcriptional modifications. Further, in vitro 
electrophysiology experiments, with ALD in the presence of NKCC1,  K+ channel and mineralocorticoid 
receptor inhibitors, revealed interactions between NKCC1 and outward  K+ channels, mediated by a 
mineralocorticoid receptor‑ALD complex. These results provide evidence of the therapeutic potential 
of ALD for the prevention/treatment of inner ear disorders such as age‑related hearing loss.

Aldosterone (ALD) is a primary mineralocorticoid hormone, specifically, a steroid hormone produced by the 
zona glomerulosa of the adrenal cortex of the adrenal  gland1. A well-known role of ALD is to promote trans-
epithelial  Na+ and  K+ transport in the kidney, thereby regulating blood volume and pressure. ALD also targets 
other organs, such as  heart2,  intestine3 and  cochlea4. ALD binds with mineralocorticoid receptors in the cytosol 
resulting in an ALD-receptor complex that initiates the transcription of an ALD regulated gene—SGK1. This 
mediates modification of different ion channel functions and activities including sodium, calcium, magnesium 
and potassium channels, as well as calcium activated potassium  channels5–11. For instance, SGK1 upregulates the 
function of apical epithelial  Na+ channels in  kidney5,6,9. SGK1 also modulates functionality and expression levels 
of renal outer medullary  K+ channels, which are apically located secretory channels in the distal  nephron12,13. 
Other reports indicate that  Ca2+ and  Mg2+ channels can be modulated by ALD-sensitive SGK1  gene11,14.

In addition to SGK1, there are other transcriptionally upregulated proteins like glucocorticoid-induced leu-
cine zipper proteins, and scaffold protein connector enhancer of kinase suppressor of Ras isoform 3 (CNK3) 
as well, which mediate the ion expression and activity  levels15,16. Pertaining to ALD sensitive channel currents 
involving NKCC1, it has been reported that ALD induced an increase in  Na+–K+ pump currents and  Na+ influx in 
rabbit ventricle  cardiomyocytes17. This increase was sensitive to bumetanide, indicating that activation of NKCC1 
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by ALD led to an increase in  Na+ influx. Similarly, it has been shown that ALD can modulate  Na+ absorption as 
well as  Cl− secretion in hen colon, which was sensitive to the NKCC1 blocker—bumetanide18.

Bumetanide is also a diuretic which has a 500-fold greater affinity to NKCC1, compare to potassium-chloride 
transport member 5 (KCC2) and is an ideal candidate to study NKCC1 physiological  actions4,19,20.  Na+  K+ 
 2Cl− cotransporter (NKCC1) is ubiquitous throughout the body that regulates transport of  Na+,  K+ and  Cl− ions 
across the cell membranes. NKCC1 transports ions into and out of cells, driven energetically across the membrane 
because of gradients between  Na+ and/or  K+ and  Cl−  ions21,22. Inside cells, NKCC1 is commonly found in the 
basolateral  membrane23, the part of the cell membrane which is oriented away from the lumen of the tubule and 
closest to blood vessels. This unique cellular location provides NKCC1 the ability to transport sodium, potas-
sium, and chloride from the blood into cells.

In addition to exocrine glands, NKCC1 plays a critical role in establishing the potassium-rich endolymph in 
the inner ear that is essential for normal hearing. Age-linked stria vascularis degeneration and dysfunction have 
been implicated as a primary cause of age-related hearing loss (ARHL), affecting hundreds of millions worldwide 
and is sometimes referred to as strial  presbycusis24–33. Cells within the stria vascularis (SV) are responsible for 
maintaining the high ionic concentration of  K+ potassium which generates the endocochlear potential (EP), a 
biological battery required for cochlear function and normal  hearing34–36. When the NKCC1 antagonist furo-
semide is applied to the cochlea the EP decreases in magnitude and also elevates the thresholds of auditory 
nerve  fibers35,37. EP declines with age are referred to as metabolic presbycusis, involving the pathogenesis of 
age-related SV  degeneration38. Specifically, in strial marginal cells, NKCC1 is essential for the production of a 
potassium-rich endolymphatic  fluid4,23,39.

ALD, as a naturally occurring hormonal agonist for NKCC1, plays an important role in the maintenance of 
 Na+,  K+ and acid–base balance in inner  ear4,40. Our recent work has shown that long-term systemic treatment 
with ALD slows down the progression of ARHL in aging mice, probably by increasing SV  Na+–K+ transport and 
up-regulation of NKCC1 protein expression mediated by mineralocorticoid  receptors4,39–41. The voltage gated 
 K+ ion channels encoded by KCNQ4, Kv1.1, Kv 3.1 and Kv 4.2 are expressed in various parts of the peripheral 
and central auditory systems; including the outer hair cells and cochlear nucleus, and plays a significant role in 
potassium circulation in the inner  ear29,42–45. However, it is not clear whether changes in NKCC1 protein expres-
sion and activity in response to changing levels of ALD parallel changes in voltage-gated  K+ channel currents. 
This unanswered question provided the motivation for this study to investigate the biophysical mechanisms 
by which ALD modulates NKCC1 channel function. For the present study, whole-cell patch clamp recordings 
were used to study the single-cell physiological changes involving NKCC1 following application of ALD and 
its antagonists in a neuronal cell line. Our goals were (1) Determine NKCC1 expression variants by stimulating 
SH-SY5Y neural cells with ALD and (2) Explore characteristics of NKCC1 functionality by recording voltage-
gated  K+ outward currents driven by ALD.

Methods
Cell culture.  SH-SY5Y (ATCC® CRL-2266™) neuroblastoma cells were initially cultured in a medium con-
taining a mixture of F12 & DMEM (1:1 volume/volume v/v) supplemented with 1% Penicillin Streptomycin 
(Pen Strep) and 10% FBS. The cells were then incubated in an incubator maintained at  37o C temperature, 5% 
 CO2 and 95% humidity. The medium was replaced after every 4–7 days. After 80–90% confluence, cells were 
incubated with trypsin solution for 1–2 min to detach adherent cells. Cells with trypsin solution were combined 
with equal volume of F12 & DMEM (1:1 v/v) medium with 1% Pen Strep and 10% FBS to neutralize the trypsin. 
The resultant solution was then centrifuged at 1,500 rpm for 5 min. To subculture the cells, the pellets were then 
suspended in F12 & DMEM (1:1 v/v) medium with 1% Pen Strep and 10%  FBS46–48. SH-SY5Y cell lines can be 
differentiated to neurons. The differentiation of SH-SY5Y cells is achieved by adding retinoic acid (RA) to the 
cell culture medium. RA has known to possess cellular differentiation and growth inhibiting  properties49–51. 
Within 48 h of plating, the serum-containing medium was replaced with neurobasal medium supplemented 
with B27 (serum-free supplement, #17504044, Life Technologies, Carlsbad, CA) and GlutaMAX. To promote 
differentiation, 10–20 µM all-trans-retinoic acid was added to the cell culture medium and the medium was 
replaced after every 48 h. Differentiated cells were observed under the microscopy and were more pyramidal 
shaped, distributed, and had extended  neurites47.

Cell Fraction Isolation.  A subcellular protein fractionation kit (#9038, Cell Signaling Technology, Danvers, 
MA) was used to separate cellular proteins into nuclear, membrane and cytoplasmic fractions following the 
manufacturer’s protocol. This is achieved by using different detergents that take advantage of the inherent struc-
tural and composition features of different cellular  fractions52–55. Isolating cell population: The cultured cells were 
washed with cold 1X PBS and detached from the surface using trypsin. 100 µl of cell suspensions aliquot was 
used for the whole cell lysate (WCL). 60 µl of 3X SDS Loading Buffer with DTT (#7722, Cell Signaling Technol-
ogy, Danvers, MA) was added to make a final volume 160 µl for WCL. WCL tube was sonicated for 15 s at 20% 
power 3 times, heated for 5 min at 95 °C, and centrifuge for 3 min at 15,000×g. Fractions Isolation: The remaining 
400 µl lysate was transferred into a 1.5 ml tube and centrifuged for 5 min at 500 × g at 4 °C. The supernatant was 
aspirated. The pellet was suspended in 500 μl of cytoplasm isolation buffer (CIB), vortexed for 5 s, followed by 
incubation on ice for 5 min and centrifugation for 5 min at 500×g. The supernatant is the cytoplasmic fraction 
and this pellet was resuspended in 500 μl of membrane isolation fraction (MIB) and vortexed for 15 s. Then, it 
was incubated on ice for 5 min and was centrifuged for 5 min at 8,000×g. The supernatant was the membrane 
fraction. These fractions were analyzed by SDS-PAGE and western blotting.
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RT‑PCR experiments.  SH-SY5Y cells total RNA was extracted according to RNAeasy Mini Kit (Qiagen 
Inc., Valencia, CA) instructions. The RT-PCR analysis was performed as previously  described4,56. In brief, total 
samples were vortexed for 1 min to shear genomic DNA before loading onto the RNeasy mini columns, and then 
eluted in a minimum volume of 30 µl and a maximum volume of 2 × 50 µl RNAse-free water. RNA obtained with 
this procedure was essentially free of genomic DNA. 50 ng of RNA was reverse transcribed and complemen-
tary DNA was subjected to PCR amplification. Quantitative reverse-transcription polymerase chain reaction 
(qRT-PCR) was performed using the Enhanced Avian HS RT-PCR-100 Kit (HSRT20, Sigma, St. Louis, MO). 
The reverse transcript (RT) reaction took place at 46 °C for 20 min. The competition between primer sets was 
excluded by adjusting the reaction condition. Then, RT products went to PCR amplification directly. Thermal 
cycle protocol was 2 min at 94 °C, followed by 15 s at 94 °C, 30 s at 55 °C and 1 min at 68 °C for 25 cycles and 
final holding for 5 min at 68 °C. The conditions were chosen so that none of the RNAs analyzed reached a pla-
teau at the end of the amplification protocol, i.e. they were in the exponential phase of amplification. Each set of 
reactions always included a no-sample negative control. We also performed a negative control containing RNA 
instead of cDNA to rule out genomic DNA contamination. The PCR products were analyzed on agarose gels 
stained with Gel Red Nucleic Acid Stain (Biotium, Hayward, CA).

The quantitative real-time RT-PCR reaction mixture was prepared using the EvaGreen PCR master mix. 
Thermal cycling conditions were the same as in the semi-quantitative method. Amplification specificity was 
checked using melting curves. Both negative and positive controls were included in each PCR reaction. All assays 
were carried out three times as independent PCR runs for each cDNA sample. Gene expression was referenced 
to the expression of β-actin as the housekeeping gene. Each gene expression level was normalized with respect 
to β-actin mRNA content. Calculations of expression were performed with relative standard curve  method57. 
The primers were as follows: NKCC1- CAC TGG AGA GCA AGA AGC CA (F), GGC TGA CTG AGG ATC TGC AA 
(R) [Amplicon Size—185 bp] and β-actin-AGC TGT GCT ACA TCC ACG AA (F), AAT GCC AGG GTA CAT GGT 
GG (R) [Amplicon Size—118 bp].

Electrophysiology.  The electrophysiology experiments were performed using a standard whole-cell in vitro 
patch clamp technique, utilizing a 700 B Multiclamp amplifier and 1,440 A data acquisition unit from Molecular 
Devices (Sunnyvale, CA). Micropipettes were pulled from borosilicate glass tubing (Sutter Instrument, Novato, 
CA) with resistances in the range of 2–4 MΩ. The recordings were performed in the whole-cell configuration at 
room temperature. Once giga-seal was achieved, slight negative pressure was applied to achieve the whole-cell 
configuration. The extracellular recording solution contained the following (in mM): NaCl 125; KCl 4;  CaCl2 2; 
 MgSO4 1.2; Glucose 10; 0.3 µM TTX; HEPES ( 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid, N-(2-Hy-
droxyethyl) piperazine-N′-(2-ethanesulfonic acid)) 10, and the pH was adjusted to 7.4 with NaOH. This solution 
was continuously perfused at the rate of approximately 1 ml/min. The NKCC1 affecters (bumetanide, ALD) were 
added to the extracellular solution. The intracellular electrode solution contained the following components (in 
mM): KCl 140; NaCl 4;  CaCl2 0.02; EGTA (Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid) 
0.8;  MgCl2 2; MgATP 4; HEPES 10; and the pH was adjusted to 7.4 with  KOH46,58. In voltage clamp mode, cur-
rents were recorded for a range of − 60 mV to + 30 mV testing potentials at increments of 10 mV, with a holding 
potential of − 90 mV. No series compensation was performed; however, we did calculate the error due to the 
change in series resistance during a recording and it was under 5% for all the recordings. The variation in time 
constant is representative of series resistance errors, given that whole cell capacitance does not change during 
a recording. Table 1 shows representative calculations for one representative trace. This error was substantially 
lower than the magnitude of the whole cell response following the applications of various drugs. Clampex10.3 
(Molecular Devices, Sunnyvale, CA) software was used for recording and acquisition, and the Multiclamp soft-
ware was used for stimulation. Whole-cell currents were sampled at 10 kHz with an interval of 100 µs and low 
pass filtered at 1 kHz with a Gaussian type filter 47.

Western blot analysis.  The Western Blot analysis was performed as previously  reported4. In brief, cell 
(scraping) or tissue (homogenized) lysates were prepared in radio-immunoprecipitation assay buffer (RIPA, 
Pierce #89901, Thermo Scientific, Waltham MA) with protease inhibitor cocktail (#78430, Thermo Scientific, 
Rockford, IL). Cell samples were homogenized in buffer, followed by centrifugation at 2000× for 10 min at 4 °C. 
Supernatants were subjected to western blot analysis by loading 20 μg protein per lane, after the protein con-

Table 1.  Time constant calculations for a representative trace. Holding potential: − 90 mV.

S. no Testing voltage (mV) Time constant (ms)

1 −40 0.223

2 −30 0.230

3 −20 0.235

4 −10 0.231

5 0 0.232

6 10 0.222

7 20 0.223

8 30 0.215



4

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:15604  | https://doi.org/10.1038/s41598-020-72450-4

www.nature.com/scientificreports/

centrations were determined by the Bradford protein assay. Proteins were fractionated by SDS-PAGE gel elec-
trophoresis and transferred to a PVDF blotting membrane. The blot was incubated with primary antibodies and 
subsequently with the secondary antibody. First antibody dilution was 1:1000 and the second antibody was 1: 
2000. The primary antibodies for NKCC1 and β-actin were monoclonal rabbit IgG (D13A9, #8351 Cell Signaling 
Technology, Danvers, MA) and polyclonal rabbit (#4967, Cell Signaling Technology, Danvers, MA). The second-
ary antibody was goat ant-rabbit IgG HRP linked (#4967, Cell Signaling Technology, Danvers, MA). In addition, 
the pre-experiments showed that target protein expression was proportional to housekeeping gene expression 
levels (β-actin).

Statistical analyses.  Images from Analytic Jena UVP Chem Studio SA2 were imported to NIH Imaging 
J software for the densitometry analysis and the data reported as mean ± SD. Statistical analysis was performed 
with GraphPad Prism 5.0 (GraphPad, La Jolla, CA). Differences were analyzed with a 1-way or a 2-way repeated 
measure analysis of variance (ANOVA) as appropriate, or a two-way ANOVA followed by Bonferroni post hoc 
t-tests and corrected for multiple comparisons with p < 0.05 considered significant.

Results
NKCC1 expression in SH‑SY5Y cells.  To determine whether NKCC1 was expressed in SH-SY5Y neural 
cells, we selected primers designed to span key introns and bridge an exon-to-exon junction for RT-PCR assays. 
HT-29 cells were used as a positive control because these cells have abundant NKCC1  expression4,59. The NKCC1 
gene was detected at 150–200 bp (Fig. 1a upper panel). Total RNA quality was confirmed before the process 
of reverse-transcription (RT) reaction using electrophoresis (Fig. 1a—lower panel). The presence of 18 s and 
28 s ribosomal bands showed that the RNA was intact and not degraded and, indicates a valid loading control 
for both cell lines—SH-SY5Y cells and HT-29 (positive control). NKCC1 protein expression was observed at 
approximately 160 kDa in the SH-SY5Y cells (Fig. 1b), and the positive control NKCC1 expression in HT-29 
cells is shown in the farthest right lane.

Effect  of  aldosterone on NKCC1  expression  levels  and whole‑cell  voltage‑gated potassium 
currents.  Our previous study indicated that ALD can directly control expression of NKCC1 in HT-29  cells4. 
To confirm a similar result in SH-SY5Y cells, we measured NKCC1 protein and mRNA expression following 
application of ALD as shown in Fig. 2a. Functional expression of NKCC1 in SH-SY5Y cells showed that there 
is an increase in both the total cell lysate amount of NKCC1 and the cell membrane fraction, which remained 
relatively stable across a large range of doses (1 nm–10 µm). The threshold of NKCC1 induction was quite sensi-
tive, as there was a significant response even at 1 nM. β-actin is a structural protein, used as a loading control 
but is not located in the cell membrane, so there was no β-actin expression in the membrane portion (Fig. 2a). 
Total lysate concentration values were used to achieve equal protein amounts for membrane fraction processing.

We also measured the effects of ALD on NKCC1 mRNA levels using semi-quantitative and real time RT-
PCR methods to determine if NKCC1 protein expression increases were associated with RNA-level induction 

Figure 1.  NKCC1 genes and proteins are expressed in SH-SY5Y neural cells. Gene and protein expressions 
were analyzed using RT-PCR and western blotting techniques, respectively. (a) RNA was isolated from SH-SY5Y 
cells and was reverse transcribed, then the cDNA from RT was used for real time PCR (qPCR) to quantify RNA 
levels. Single band on the right side is HT-29 control cells in both panels a and b. NKCC1 gene expression was 
detected between 150–200 bp size, for SH-SY5Y cells (a, Top). The bottom lanes show that total RNA was run 
and the clear 18S and 28S ribosomal RNA bands show that the RNA was intact with no degradation. Total RNA 
was also used as the loading control for both SH-SY5Y cells and HT-29 Cells and for the evaluation of NKCC1 
gene expression difference between SH-SY5Y and HT-29 cell lines (b) Cell lysate was collected in RIPA buffer 
and analyzed using western blots for NKCC1 protein expression. Data indicate that both SH-SY5Y and HT-29, 
control cells show NKCC1 expression. For western blot experiments, both proteins of interest, NKCC1 and 
the loading control protein, β-Actin, were probed on the same PVDF membrane i.e., same membrane were 
incubated with NKCC1 and β-Actin antibodies. Similarly, for semi-quantitative RT-PCR, both the gene of 
interest (NKCC1) and reference gene (β-Actin) were probed together using respective primers and analyzed on 
the same agarose gel.
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changes. Both methods indicated that there was no difference in mRNA expression between treated and control 
samples (Fig. 2b), revealing that the ALD-induced increase of NKCC1 protein expression is associated with 
post-transcriptional modification.

To determine whether ALD affects whole-cell voltage-gated  K+ currents, in vitro electrophysiology experi-
ments were performed. Voltage-gated potassium channels (Kv), encoded by 40 genes in humans, are the largest 
subset of potassium channels that are gated by changes in cell membrane  potential60. In addition, both ALD 
and NKCC1 regulate  Na+ and  K+ transport for cells, so we hypothesized that ALD could mediate voltage-gated 
potassium currents associated with NKCC1 modulation. In vitro electrophysiology experiments were done in 
whole cell voltage clamp mode. First, experiments were done to confirm the presence of tetraethyl ammonium 
(TEA—1 mM) sensitive outward  K+ currents in SH-SY-SY5Y cells. As shown in Fig. 2c, we observed a decrease 
in  K+ current magnitudes when cells were perfused with TEA, and that decrease was reversible following washout 
with an extracellular solution. Representative currents of a cell at testing voltage + 30 mV and mean reduction 
in currents (n = 6) confirms the same result: the presence of outward  K+ currents in SH-SY5Y cells (Fig. 2d, e). 
ALD was added to the extracellular solution and was continuously perfused. An increase in the outward current 
was observed when ALD was perfused for approximately 10 min, as presented in Fig. 2f. Increases in outward 
currents were reversible and currents returned to pre-application values when washed with extracellular solu-
tion. Mean I-V curves confirmed the same trend as shown in Fig. 2g. ALD treatment resulted in an increase 
in outward currents (blue curve—n = 17) as compared to perfusion with extracellular solution having no ALD 
(black curve—n = 17). This increase in outward currents was completely reversible following a washout (gray, 
n = 5). The shift in current from baseline was more prominent for positive holding potentials (0–30 mV) as 
shown in Fig. 2h. For additional confirmation that ALD up-regulates  K+ current cells were perfused with ALD 
and ALD in combination with the  K+ blocker TEA. Consistent with results presented above, there was increase 
in  K+ currents, followed by a decrease in currents when cells were perfused with ALD & TEA.  K+ current mag-
nitudes went back to control values when cells were washed with extracellular solution (Fig. 2i). Figure 2j shows 
the current traces at a testing voltage + 30 mV, with a holding potential of – 90 mV, showing similar results. The 
changes in current magnitudes (increase due to ALD and decrease due to ALD + TEA) was more prominent for 
positive testing voltages.

NKCC1 membrane  protein  upregulation  by  aldosterone  is  regulated  via  mineralocorticoid 
receptors.  Steroid-hormone actions involve initial binding to intracellular receptors, then binding of this 
hormone–receptor complex to DNA and activation or repression of target gene transcription. However, steroid 
hormones can also act through non-genomic mechanisms and thereby change physiological  processes61. In con-
trast to genomic steroid actions, these non-genomic effects are characterized by rapid onset and insensitivity to 
transcriptional and translational inhibitors. We observed similar rapid action of ALD in our experiments and we 
then determined whether ALD exerts its effect on NKCC1 through the activation of mineralocorticoid receptors. 
Cells were treated with ALD and eplerenone (EPL—20 μM), a selective potent ALD mineralocorticoid receptors 
antagonist. Total lysate and membrane fractions were analyzed using western blots. As shown in Fig. 3a, EPL 
prevented upregulation of NKCC1 protein expression by ALD for both total lysate and membrane fractions. 
β-actin was used as the loading control and as expected the β-actin signal was not observed in membrane frac-
tions; therefore, total lysate concentrations were used to achieve equal loading for the isolation of membrane 
fractions. Similarly, there was no change in mRNA levels due to treatment—ALD + EPL (Fig. 3b). These results 
indicate that modulation of NKCC1 protein levels and the induction of membrane proteins by ALD were medi-
ated by the activation of mineralocorticoid receptors. This inhibition of NKCC1 protein upregulation by ALD 
with EPL is not tied to mRNA changes, indicating that the ALD-mediated mineralocorticoid receptors pathway 
is not associated with NKCC1 transcriptional activation.

NKCC1 and potassium channel inhibitors do not affect ALD‑induced NKCC1 protein expres‑
sion.  Since ALD upregulated NKCC1 protein expression without affecting mRNA levels, we then tested if 
a similar change could be observed by directly blocking NKCC1 functional activity using a selective NKCC1 
antagonist, bumetanide (BUM) during ALD treatment. There are reports that in vivo administration of BUM 
leads to a downregulation of NKCC1 protein  levels62,63. In presence of BUM, NKCC1 protein expression was 
still found to be upregulated for both total lysate and membrane fractions, consistent with ALD treatment alone 
(Fig. 4a). There was also no change in gene expression (Fig. 4b). These data suggest that blocking NKCC1 activ-
ity does not prevent ALD induction of NKCC1 protein expression. ALD regulates both ion channels as well as 
ion co-transporters7,64–66. Ion channels, solute carriers and pumps move ions and other solutes in and out of 
cells, having a wide range of specificities, transport rates and biological processes. These functions are crucial for 
production and secretory processes, essential to intercellular  communication67. We would therefore expect some 
crosstalk between NKCC1 and other potassium channels during ALD stimulation. Additional experiments were 
also done, combining ALD with tetraethyl ammonium (TEA—1 mM), a blocker for potassium channels. We 
tested ALD effects on NKKC1 expression in the presence of TEA. There was no effect on upregulation of NKCC1 
protein expression in the presence of ALD when TEA was added (Fig. 4c), nor was an increase observed in 
NKCC1 gene expressions (Fig. 4d). These data indicated that there is no cross talk between NKCC1, and TEA-
dependent potassium channels based with the induction of NKCC1 protein expression by ALD.

ALD  mineralocorticoid  receptor  and  NKCC1  inhibitors  affect  ALD‑induced  whole‑cell  cur‑
rents.  Currently, there are no reports on the effects of ALD on voltage-gated  K+ currents. However, ALD 
has been shown to decrease transient outward currents in rat ventricular  cardiomyocytes68. Potassium channels 
also help to maintain membrane voltages of ALD-sensitive distal nephrons, and play roles in ALD secretion and 
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inner ear potassium  circulation29,66,69. We hypothesized that ALD would regulate voltage-gated  K+ currents with 
involvement of NKCC1 modulation linked to mineralocorticoid receptors. To determine that ALD-induced cur-
rents are linked to mineralocorticoid receptors, cells were perfused with ALD in the presence of EPL—an ALD 
mineralocorticoid receptors antagonist, and in the presence of EPL and TEA—a potassium channel blocker. 
We observed a decrease in ALD-induced currents when ALD was applied together with EPL, and a further 
decrease in currents were observed when ALD was applied with EPL + TEA (Fig. 5a). Current traces recorded 
at a + 30 mV testing potential (holding potential = – 90 mV) confirms the same (Fig. 5b). We also found that the 
addition of blockers (EPL or EPL + TEA), in the presence of ALD, decreases the ALD-induced whole cell cur-
rents, especially at positive testing potentials (Fig. 5c).

To determine the role of NKCC1 in ALD-elicited currents, ALD was applied in the presence of bumetanide 
(BUM)—a specific activity blocker for NKCC1, and BUM + TEA. The addition of BUM decreased the whole-cell 
currents, especially for positive testing potentials as seen in Fig. 5 d,e for a single cell, with further decreases in 
currents for addition of BUM and TEA together. Figure 5f shows that mean reduction in currents due to applica-
tion of blockers (BUM and BUM + TEA) for 3 different cells, indicating the involvement of NKCC1 for modulat-
ing ALD-induced currents. The results suggest that the, NKCC1 blocker – BUM seems to be more comparable 
to the mineralocorticoid receptor blocker—EPL and there was no significant difference between application of 
EPL and BUM, the NKCC1 blocker (Fig. 5g) The difference in inhibition of currents between BUM and TEA is 
shown in Fig. 5h, confirming that the decrease in current was more prominent for positive testing potentials. 
These results are consistent with our findings presented above, where it was shown that BUM and EPL could 
not block the induction of NKCC1 cell surface protein expression induced by ALD (Fig. 4). This supports the 
concept that a mechanism where ALD increases voltage-gated  K+ currents involving NKCC1 modulation via 
mineralocorticoid receptors. ALD induced currents were sensitive to TEA – a specific potassium blocker, as 
application of 1 mM TEA suppressed the currents elicited by ALD (Figs. 1,5). ALD-induced currents were dose 
independent because experiments with 0.1 µM and 10 µM change the currents the same amount as 1 µM (data 
not shown). The use of specific K + antagonists confirm that ALD induced potassium up-regulation was mediated 
by mineralocorticoid receptors, as EPL was an effective antagonist as shown in Fig. 5a–c and involves NKCC1 
co-transporter (BUM blocker—Fig. 5d–f). There may be an indirect mechanism for the observed reduction in  K+ 
currents as the ALD-mineralocorticoid receptor interactions may initiate post-transcriptional gene regulation via 
SGK1, CNK3 which can lead to modification of ion channels. Similarly, the effects of BUM could also be through 
indirect rather that direct binding to potassium channels. For instance, Wang and co-workers studied the effects 
of bumetanide on cellular uptake of gentamicin in kidney cells. They found that BUM induced an outward cur-
rents and activated  K+ conductance. The indirect underlying hypothesis was that loop diuretic induced currents 
were indirectly activated by increasing the cytosolic calcium and mediated by calcium sensitive TRPV channels 
70. Also, cell volume regulation, a fundamental activity of cells, activates various ion channels pathways like 
 K+ and  Cl− coupled with different co-transporters like  K+–Cl−,  Na+/H+ exchange and NKCC1. There are reports 
that cell volume is regulated by bumetanide sensitive ion-transports and involves potassium  flux71–73. Further 
investigation is needed to decipher detailed pathways involved.

Figure 2.  Aldosterone induces increases in NKCC1 protein expression levels and outward potassium current 
amplitudes. (a) SH-SY5Y cells were treated with aldosterone (ALD) at concentrations from 1 nM to 10 μM for 
24 h. Cell lysates were performed in PBS buffer and membrane fractions were separated using the cell signaling 
kit. Western blot analysis probed with NKCC1 and β-actin antibodies for both total lysate and membrane 
fractions. β-actin was used as the loading control and equal amounts of lysate protein were used for the isolation 
of cell membrane proteins (lysate protein concentration was measured by spectrophotometer). For both total 
lysate and membrane fractions, NKCC1 protein expression was upregulated following application of ALD as 
compared to control samples (no ALD treatment). There was no β-actin present in the membrane fractions as 
it is a structural protein. Data are means ± SD from 3 independent experiments. (b) NKCC1 mRNA was not 
regulated by ALD treatment. Cell lysates performed in RLT buffer and total RNA was isolated using the Qiagen 
kit. Subsequently, real-time RT-PCR technique was carried out. There was no significant difference between the 
control (no ALD) and treated samples (n = 3). All western blot data were taken from the same gel. (c) Whole 
cell voltage-clamp recordings of a representative SH-SY5Y show outward currents elicited by 300 ms voltage 
steps. Voltage steps from -60 mV to + 30 mV, in 10 mV step increments were acquired at a holding potential 
was −90 mV. There was a reversible decrease in  K+ currents due to application of tetraethyl ammonium – TEA 
(1 mM), confirming the presence of  K+ channels in SH-SY5Y cells. (d) For a representative cell, current traces 
at + 30 mV voltage step shows the effects of TEA on K + currents. (e) Similarly, mean reduction in currents 
with respect to control (n = 6) was shown when cells were perfused with 1 mM TEA. (f) There was a reversible 
increase in potassium currents when 1 μM ALD was applied as compared to no ALD and currents decreased to 
the control values when ALD was washed out. (g) Mean I–V functions are plotted for control (n = 17 cells) and 
after ALD application (n = 5 for wash) were shown as mean current–voltage relations. (h) The change in outward 
currents with respect to control conditions following ALD application were greater for more positive holding 
potentials. (i) To further confirm the increase in  K+ due to ALD application, ALD was perfused in combination 
with the  K+ blocker, TEA. Currents traces of a representative cell were shown as outward currents in response to 
test potentials −60 mV to + 30 mV, in 10 mV increments with holding potential −90 mV. There was an increase 
in potassium currents due to ALD, followed by decrease in currents when TEA was added to the bath. Currents 
return to control values during wash out. (j, k) Current traces at + 30 mV testing voltage and mean change with 
respect to control values in currents confirm the same tendency (n = 5). Statistical Significance: *P < 0.05, ** 
P < 0.01, ***P < 0.001, ****P < 0.0001.
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Discussion
Previously we reported that long-term systemic treatment with ALD dramatically improves hearing function 
and reduces expression of cochlear apoptotic biomarkers in aging  mice39,40. In the current study we examined 
the cellular mechanisms that may underlie these biotherapeutic effects of chronic ALD administration. We found 
that applying ALD to neuronal cells in vitro increased NKCC1 whole lysate and membrane portion expression 
levels, however NKCC1 mRNA expression was not upregulated, indicating that the modulation of NKCC1 func-
tion by ALD is a post-transcriptional modification. These findings are consistent with our earlier  report4 that 
ALD treatment of HT-29 cells lead to increase in NKCC1 protein expression, mediated by mineralocorticoid 
receptors, without affecting mRNA levels. The upregulation of NKCC1 expression via ALD treatment increased 
the outward potassium currents in SH-5HSY cell lines with confirmed NKCC1 gene and protein expression 
levels. Moreover, we observed ALD-stimulated potassium currents were sensitive to BUM – a NKCC1 blocker 
and EPL – a mineralocorticoid receptor blocker; indicating the involvement of NKCC1 mediated by the ALD-
receptor complex. Taken together, these findings implicate NKCC1 as an important ion channel transporter 
for modulation of voltage-gated potassium currents by ALD and may play a role ion channel dysfunction in 
the aging ear. The similarity of the inhibitory actions between BUM and TEA, as well no significant differences 
between EPL and BUM actions for ALD-induced currents, were other indications that NKCC1 co-transporters 
affect potassium currents.

In tissues which express mineralocorticoid receptors, ALD modulates the expression of membrane targets 
such as the subunits of the epithelial  Na+ channel, in combination with important signaling intermediates, such as 
serum and glucocorticoid-regulated kinase-1. In addition, the rapid ‘non-genomic’ activation of protein kinases 
and secondary messenger signaling cascades has also been detected in ALD-sensitive tissues of the nephron, 
distal colon and cardiovascular system. These rapid cell membrane actions have been linked to mineralocor-
ticoid receptors or to an as yet unidentified, membrane-associated ALD  receptor74. Our observations indicate 
that the time course in which ALD modulates NKCC1 protein expression is rapid, pointing to non-genomic 
mechanisms. These actions likely involve a cascade reaction from receptors, and signals to membrane targets, 
implicating a signal pathway involving mineralocorticoid stimulation. In addition, although ALD mediates  Na+ 
retention and  K+ excretion via a genomic pathway through cytosolic mineralocorticoid receptors, which can 
alter  transcription75, our study indicates that the rapid action of ALD on NKCC1 protein expression (both in 
whole cell lysate and membrane fractions) and voltage-gated potassium currents are associated with the activa-
tion of mineralocorticoid receptors. This suggests that the classic cytosolic mineralocorticoid receptor can also 
be involved in mediating non-genomic ALD signaling.

We previously demonstrated that ALD up-regulation of NKCC1 protein expression exerts its effects via 
prevention of post-translational ubiquitination, e.g., reduces proteasome-dependent degradation of the NKCC1 
 protein4. In the present study, we also observed that NKCC1 membrane protein upregulation was associated 
with whole cell lysate NKCC1 protein expression and voltage-gated current enhancements. Consistent with the 
finding that NKCC1 is a basolateral membrane protein, Rinehart et al.76 observed that the upregulation of its 

Figure 3.  NKCC1 protein levels were increased by upregulation of mineralocorticoid receptors. (a) Cells 
were treated with eplerenone (EPL—20 µM), a specific mineralocorticoid receptor inhibitor. Cell lysates were 
collected in PBS buffer and analyzed for total lysate and membrane fraction for NKCC1 protein expressions 
using western blot techniques. Equal amounts of lysate protein were used for the isolation of cell membrane 
proteins (according to the lysate protein concentration measured by spectrophotometer). β-actin was used to 
achieve equal loading for total lysate, but β-actin is not found in membrane fractions. The blue bar is the control, 
untreated cells and remaining are various colors with concentration of ALD from 1 nM to 10 µM along with 
EPL. a) There was no difference between control and treated samples (ALD + EPL) i.e., ALD did not upregulate 
NKCC1 protein expression in the presence of inhibitor. Bar graphs show mean ± SD from 3 independent runs. 
(b) Similar to protein expression, there was also no difference in gene expression for NKCC1 following ALD 
treatment in the presence of eplerenone from 1 nM to 10 µM. Bar graph data are presented as mean ± SEM for 
three independent runs.
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cell surface distribution would increase its activity. A similar mechanism may underlie findings of the current 
study showing an increased NKCC1 membrane portion accompanies voltage-gated potassium current increases 
induced by ALD.

Regulation of membrane bound NKCC1 involves acute changes in the cell surface expression of NKCC1 via 
two different mechanisms involving dynamic changes in membrane recycling. The first is via the cAMP path-
way, where D’Andrea et al. suggested that cAMP may induce the surface recruitment of membrane proteins that 
form a regulatory complex with  NKCC177 and it has been shown under a variety of experimental circumstances 
that NKCC1 activity is strongly affected by the F-actin  cytoskeleton78–83. Second, Protein kinase C enhances the 
endocytic retrieval of NKCC1 from the plasma membrane and may be a mechanism for short-term downregu-
lation of epithelial secretory  capacity80,83–85. Bouyer and colleagues have shown that NKCC1 is endocytosed by 
a clathrin-mediated pathway during Protein kinase C activation by phorbol 12 myristate 13-acetate86. Similar 
mechanisms could account for the rapid upregulation of NKCC1 membrane protein because ALD involves in 
pathways of cAMP and Protein kinase C activation as the rapid action of ALD on NKCC1 may exert an important 
role in the alternation of the cell membrane voltage-gated potassium currents.

Figure 4.  The NKCC1 inhibitor bumetanide, and potassium channel blocker TEA, did not alter ALD mediated 
changes in NKCC1 protein expression via post-transcriptional modification. (a) Cells were treated with ALD 
in presence bumetanide (BUM—10 μM), a specific NKCC1 activity blocker, with blue data representing 
control—no ALD. Cell lysates were collected in PBS buffer and cell fractions were separated using the cell 
signaling kit. Total lysate and membrane fractions were analyzed using western blot techniques, and significant 
increases in NKCC1 protein expression were observed with ALD and BUM, as compared to controls (n = 3). b) 
BUM treatment has no effect on NKCC1 gene expression, as shown by real-time RT-PCR (n = 3). c) Cells were 
treated with ALD in the presence of 1 mM TEA and increases in NKCC1 protein expression were observed 
for total lysate and membrane fraction (n = 3). (d) NKCC1 gene expression was not changed by TEA real-time 
RT-PCR methods (n = 3). β-actin was used as the control for total lysate, and total lysate concentration was used 
to achieve the equal loading for membrane fractions. Bar graph data are presented as mean ± SEM. Statistical 
Significance: **P < 0.01, ***P < 0.001, ****P < 0.0001.
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NKCC1 is highly expressed in neurons, e.g. inner ear spiral ganglion (cochlear) and vestibular  ganglia23. 
Although the role of the cotransporter in these specific neurons is not clear, considering the present study, one 
role of NKCC1 in the cochlea appears to be mediated via ubiquitination. As in epithelia, the  Na+/K+ pump helps 
provide forces for  K+ and  Cl− influx through NKCC1 channels. While  Na+ and  Cl− are subsequently recycled 
respectively by the  Na+ /K+ pump and chloride channels—CLC-K,  K+ is secreted into the scala media by NKCC1 
and a complex of  K+ channels, specifically KCNQ1 and  KCNE187–89. It is tempting to speculate that the cotrans-
porter in neurons might be participating in cross talk with potassium channels, since our study discovered the 
presence of overlapping inhibition actions between BUM and TEA for ALD-induced potassium currents in a 
neuronal cell line. Also, these changes are linked to mineralocorticoid receptors as ALD stimulation for NKCC1 
proteins and  K+ currents were sensitive to receptor blockers (Fig. 5).

Bursts of neural network activity are associated with transient increases in extracellular  K+ levels. This excess 
 K+ is partially removed from the extracellular space by a combination mechanism proposed to involve Kir4.1-
mediated spatial buffering, the  Na+/K+/2Cl− cotransporter (NKCC1), and/or  Na+/K+-ATPase activity. However, 
the individual contributions of these ion transporters to  [K+] management are controversial. For example, a 
study in rat hippocampal slices showed that inhibition of NKCC1 failed to affect the rate of  K+ removal from 
extracellular space, while Kir4.1 initiated its spatial buffering only during a local  [K+] increase. Inhibition of 
the different isoforms of Na + /K + -ATPase reduced post-stimulus clearance of  K+ transients. Thus, NKCC1 
played no role in activity-induced extracellular  K+ recovery in native hippocampal tissue while Kir4.1 and  Na+/
K+-ATPase served temporally distinct  roles90. Based on this information, we cannot exclude the possible involve-
ment of voltage-gated potassium channels in the ALD rapid actions mediated by NKCC1. Further investigation 
is needed to understand how NKCC1 influences potassium channels by changing intracellular concentrations 
and/or cell volume. However, we provide solid evidence that these changes are mediated by ALD-sensitive 
mineralocorticoid receptors.

Summary and conclusion
The increase in voltage-gated potassium currents following ALD application can be explain by NKCC1 upregula-
tion in the cell membrane, mediated by mineralocorticoid receptors. The similarity between the results observed 
with BUM and TEA on inhibition of ALD induced voltage-gated  K+ currents suggests that the cross talk and 
interplay between NKCC1 and  K+ channels, and their mechanisms need further clarification. Overall, NKCC1 
plays a key role in various physiological systems including the cochlea, and its age-related declines. Previously, 
we have shown that long-term systemic treatment with ALD can prevent key aspects of ARHL in aging mice, 
indicating that ALD could potentially be a therapeutic agent for ARHL  clinically40. Also, long-term treatment 
with ALD increased the serum ALD levels in treated animals as compared to control animals, which improved 
survival of spiral ganglion neurons through upregulation of mineralocorticoid  receptors39. The present article 
along with our previous reports elucidate the possible molecular mechanisms that ALD exerts in auditory 
peripheral function following ALD treatments. More specifically, the results presented in this report are proof-
of-concept that ALD upregulates NKCC1 in cell membrane fractions and for potassium currents. These effects 
were mediated by mineralocorticoid receptors and the NKCC1 co-transporter. To quantify the role of NKCC1 
activity in ALD-elicited currents in cochlear cells, including hair cells, our future work will be focused on per-
forming electrophysiological measurement with cochlear explants treated with ALD in combination with other 
potentially therapeutic compounds. To further confirm new discoveries here, a key, challenging experiment 
would be to perform siRNA silencing of NKCC1 in cochlear explants and study the ALD effects on voltage-
gated  K+ currents. Also, it would be useful to study various NKCC1 and potassium current blocker effects alone, 
as well combining other techniques like CRISPR-Cas 9, on the ionic currents and protein/gene expressions to 
decipher further details. This will help elucidate the cellular and molecular mechanisms by which ALD modulates 
NKCC1 and  K+ channel functions, to improve hearing, and treat acquired forms of hearing loss such as ARHL.

Figure 5.  The NKCC1 inhibitor bumetanide, and mineralocorticoid receptor inhibitor EPL, alter ALD 
mediated increases in whole cell currents in SY5Y cells compared to ALD alone. (a) Whole-cell voltage clamp 
traces of a representative SH-SY5Y cell when ALD (1 μM) was applied (left) or ALD was applied together with 
20 μM of EPL (middle) and or ALD was applied with EPL and TEA. The outward current was decreased with 
application of ALD with EPL, as compare to ALD alone and currents further reduced by application of ALD 
with EPL and TEA, indicating the involvement of outward potassium currents. Testing Potentials: −60 mV 
to + 30 mV, 10 mV increment; Holding Potential: −90 mV b) At a testing potential of + 30 mV a similar result 
is observed: a decrease in currents due to application of ADL in combination of EPL and EPL + TEA. (c) The 
decrease in mean currents with respect to ALD values (ALD vs. ALD + EPL & ALD vs ALD + EPL + TEA) 
is also prominent for positive holding potentials (n = 3). (d) Whole cell current of a representative SH-SY5Y 
cell when ALD (1 μM) was applied (left), ALD was applied along with 10 μM of BUM (middle) and ALD was 
applied with BUM & TEA. The outward current was decreased when ALD with BUM was applied and when 
ALD + BUM + TEA was applied, as compared to ALD alone. Testing Potentials: -60 mV to + 30 mV, 10 mV 
increment; Holding Potential: −90 mV (e) The decrease in currents due to application NKCC1 & TEA blockers 
are shown at testing voltage + 30 mV. (f) Similar to panel c, the mean decreases in currents with respect to ALD 
values due to application of BUM alone and BUM + TEA were more prominent at positive potentials (n = 3). 
(g) The comparison of mineralocorticoid receptor blocker and NKCC1 blocker current changes (with respect 
to ALD currents) shows that both blockers have similar levels of current reduction (n = 3). (h) The difference 
between currents of ALD minus outward currents in the presence of TEA and BUM indicates the involvement 
of NKCC1 in ALD-induced potassium currents. Statistical Significance: **P < 0.01, ***P < 0.001, ****P < 0.0001.

▸



11

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:15604  | https://doi.org/10.1038/s41598-020-72450-4

www.nature.com/scientificreports/



12

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:15604  | https://doi.org/10.1038/s41598-020-72450-4

www.nature.com/scientificreports/

Received: 11 December 2019; Accepted: 12 July 2020

References
 1. Jaisser, F. & Farman, N. Emerging roles of the mineralocorticoid receptor in pathology: toward new paradigms in clinical phar-

macology. Pharmacol. Rev. 68, 49–75 (2016).
 2. Firsov, D. & Muller, O. G. Aldosterone action in the heart. Pflügers Archiv Eur. J. Physiol. 446, 328–333 (2003).
 3. Musch, M. W., Lucioni, A. & Chang, E. B. Aldosterone regulation of intestinal Na absorption involves SGK-mediated changes in 

NHE3 and Na+ pump activity. Am. J. Physiol. Gastrointestinal Liver Physiol. 295, G909–G919 (2008).
 4. Ding, B. et al. Direct control of Na+-K+-2Cl−-cotransport protein (NKCC1) expression with aldosterone. Am. J. Physiol. - Cell 

Physiol. 306, C66–C75. https ://doi.org/10.1152/ajpce ll.00096 .2013 (2014).
 5. Canessa, C. M., Horisberger, J.-D. & Rossier, B. C. Epithelial sodium channel related to proteins involved in neurodegeneration. 

Nature 361, 467–470. https ://doi.org/10.1038/36146 7a0 (1993).
 6. Canessa, C. M. et al. Amiloride-sensitive epithelial Na+ channel is made of three homologous subunits. Nature 367, 463–467. https 

://doi.org/10.1038/36746 3a0 (1994).
 7. Valinsky, W. C., Touyz, R. M. & Shrier, A. Aldosterone, SGK1, and ion channels in the kidney. Clin. Sci. 132, 173–183 (2018).
 8. Valinsky, W. C., Touyz, R. M. & Shrier, A. In Vitamins and hormones vol. 109 105–131 (Elsevier, 2019).
 9. Ji, H.-L. et al. δ ENaC: a novel divergent amiloride-inhibitable sodium channel. Lung Cell. Mol. Physiol. 303, L1013–L1026. https 

://doi.org/10.1152/ajplu ng.00206 .2012 (2012).
 10. Wen, D., Cornelius, R. J., Yuan, Y. & Sansom, S. C. Regulation of BK-α expression in the distal nephron by aldosterone and urine 

pH. Renal Physiol. 305, F463–F476. https ://doi.org/10.1152/ajpre nal.00171 .2013 (2013).
 11. Valinsky, W. C., Jolly, A., Miquel, P., Touyz, R. M. & Shrier, A. Aldosterone upregulates transient receptor potential melastatin 7 

(TRPM7). J. Biol. Chem. 291, 20163–20172. https ://doi.org/10.1074/jbc.M116.73517 5 (2016).
 12. Palmada, M., Embark, H. M., Wyatt, A. W., Böhmer, C. & Lang, F. Negative charge at the consensus sequence for the serum- and 

glucocorticoid-inducible kinase, SGK1, determines pH sensitivity of the renal outer medullary K+ channel, ROMK1. Biochem. 
Biophys. Res. Commun. 307, 967–972. https ://doi.org/10.1016/S0006 -291X(03)01301 -9 (2003).

 13. Yoo, D. et al. Cell surface expression of the ROMK (Kir 1.1) channel is regulated by the aldosterone-induced kinase, SGK-1, and 
protein kinase A. J. Biol. Chem. 278, 23066–23075. https ://doi.org/10.1074/jbc.M2123 01200  (2003).

 14. Mamenko, M. V. et al. The renal TRPV4 channel is essential for adaptation to increased dietary potassium. Kidney Int. 91, 
1398–1409. https ://doi.org/10.1016/j.kint.2016.12.010 (2017).

 15. Robert-Nicoud, M. et al. Transcriptome of a mouse kidney cortical collecting duct cell line: effects of aldosterone and vasopressin. 
Proc. Natl. Acad. Sci. 98, 2712. https ://doi.org/10.1073/pnas.05160 3198 (2001).

 16. Ziera, T. et al. Cnksr3 is a direct mineralocorticoid receptor target gene and plays a key role in the regulation of the epithelial 
sodium channel. FASEB 23, 3936–3946. https ://doi.org/10.1096/fj.09-13475 9 (2009).

 17. Mihailidou, A. S., Buhagiar, K. A. & Rasmussen, H. H. Na+ influx and Na+-K+pump activation during short-term exposure of 
cardiac myocytes to aldosterone. Am. J. Physiol. Cell Physiol. 274, C175–C181. https ://doi.org/10.1152/ajpce ll.1998.274.1.C175 
(1998).

 18. Clauss, W., Dantzer, V. & Skadhauge, E. Aldosterone modulates electrogenic Cl secretion in the colon of the hen (Gallus domes-
ticus). Am. J. Physiol.-Regul. Integr. Comp. Physiol. 261, R1533–R1541. https ://doi.org/10.1152/ajpre gu.1991.261.6.R1533  (1991).

 19. Anselmo, A. N. et al. WNK1 and OSR1 regulate the Na+, K+, 2Cl− cotransporter in HeLa cells. Proc. Natl. Acad. Sci. 103, 
10883–10888 (2006).

 20. Ko, M. C. et al. Inhibition of NKCC1 attenuated hippocampal LTP formation and inhibitory avoidance in rat. PLoS ONE 9, e106692 
(2014).

 21. Gerelsaikhan, T. & Turner, R. J. Membrane topology and function of the secretory Na+-K+-2Cl-cotransporter (NKCC1). J. Korean 
Med. Sci. 15, S3 (2000).

 22. Kahle, K. T. et al. Roles of the cation–chloride cotransporters in neurological disease. Nat. Clin. Pract. Neurol. 4, 490–503 (2008).
 23. Delpire, E., Lu, J., England, R., Dull, C. & Thorne, T. Deafness and imbalance associated with inactivation of the secretory Na-K-

2Cl co-transporter. Nat. Genet. 22, 192–195 (1999).
 24. Dalton, D. S. et al. The impact of hearing loss on quality of life in older adults. Gerontologist 43, 661–668 (2003).
 25. Frisina, D. R. & Frisina, R. D. Speech recognition in noise and presbycusis: relations to possible neural mechanisms. Hear. Res. 

106, 95–104 (1997).
 26. Gates, G. A., Mills, D., Nam, B.-H., D’Agostino, R. & Rubel, E. W. Effects of age on the distortion product otoacoustic emission 

growth functions. Hear. Res. 163, 53–60 (2002).
 27. Gates, G. A. & Mills, J. H. Presbycusis. Lancet 366, 1111–1120 (2005).
 28. Heine, C. & Browning, C. J. Communication and psychosocial consequences of sensory loss in older adults: overview and reha-

bilitation directions. Disab. Rehabil. 24, 763–773 (2002).
 29. Huang, Q. & Tang, J. Age-related hearing loss or presbycusis. Eur. Arch. Otorhinolaryngol. 267, 1179–1191 (2010).
 30. Schuknecht, H. F. & Gacek, M. R. Cochlear pathology in presbycusis. Ann. Otol. Rhinol. Laryngol. 102, 1–16 (1993).
 31. Schuknecht, H. F. et al. Atrophy of the stria vascularis, a common cause for hearing loss. Laryngoscope 84, 1777–1821 (1974).
 32. Tremblay, K. & Ross, B. Effects of age and age-related hearing loss on the brain. J. Commun. Disord. 40, 305–312 (2007).
 33. Willott, J. F. Anatomic and physiologic aging: a behavioral neuroscience perspective. Am. Acad. Audiol. 7, 141–151 (1996).
 34. Lang, H. et al. Chronic reduction of endocochlear potential reduces auditory nerve activity: further confirmation of an animal 

model of metabolic presbyacusis. J. Assoc. Res. Otolaryngol. 11, 419–434. https ://doi.org/10.1007/s1016 2-010-0214-7 (2010).
 35. Schmiedt, R. A., Lang, H., Okamura, H.-O. & Schulte, B. A. Effects of furosemide applied chronically to the round window: a 

model of metabolic presbyacusis. J. Neurosci. 22, 9643–9650 (2002).
 36. Takeuchi, S., Ando, M. & Kakigi, A. Mechanism generating endocochlear potential: role played by intermediate cells in stria 

vascularis. Biophys. J . 79, 2572–2582 (2000).
 37. Sewell, W. F. The effects of furosemide on the endocochlear potential and auditory-nerve fiber tuning curves in cats. Hear. Res. 14, 

305–314 (1984).
 38. Suzuki, T. et al. Age-dependent degeneration of the stria vascularis in human cochleae. Laryngoscope 116, 1846–1850. https ://doi.

org/10.1097/01.mlg.00002 34940 .33569 .39 (2006).
 39. Frisina, R. D., Ding, B., Zhu, X. & Walton, J. P. Age-related hearing loss: prevention of threshold declines, cell loss and apoptosis 

in spiral ganglion neurons. Aging (Albany NY) 8, 2081–2099 (2016).
 40. Halonen, J. et al. Long-term treatment with aldosterone slows the progression of age-related hearing loss. Hear. Res. 336, 63–71 

(2016).
 41. Frisina, R. D. & Frisina, D. R. Physiological and neurobiological bases of age-related hearing loss: biotherapeutic implications. 

Am. J. Audiol. 22, 299–302 (2013).
 42. Adamson, C. L., Reid, M. A., Mo, Z.-L., Bowne-English, J. & Davis, R. L. Firing features and potassium channel content of murine 

spiral ganglion neurons vary with cochlear location. J. Comp. Neurol. 447, 331–350. https ://doi.org/10.1002/cne.10244  (2002).

https://doi.org/10.1152/ajpcell.00096.2013
https://doi.org/10.1038/361467a0
https://doi.org/10.1038/367463a0
https://doi.org/10.1038/367463a0
https://doi.org/10.1152/ajplung.00206.2012
https://doi.org/10.1152/ajplung.00206.2012
https://doi.org/10.1152/ajprenal.00171.2013
https://doi.org/10.1074/jbc.M116.735175
https://doi.org/10.1016/S0006-291X(03)01301-9
https://doi.org/10.1074/jbc.M212301200
https://doi.org/10.1016/j.kint.2016.12.010
https://doi.org/10.1073/pnas.051603198
https://doi.org/10.1096/fj.09-134759
https://doi.org/10.1152/ajpcell.1998.274.1.C175
https://doi.org/10.1152/ajpregu.1991.261.6.R1533
https://doi.org/10.1007/s10162-010-0214-7
https://doi.org/10.1097/01.mlg.0000234940.33569.39
https://doi.org/10.1097/01.mlg.0000234940.33569.39
https://doi.org/10.1002/cne.10244


13

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:15604  | https://doi.org/10.1038/s41598-020-72450-4

www.nature.com/scientificreports/

 43. Kharkovets, T. et al. KCNQ4, a  K+ channel mutated in a form of dominant deafness, is expressed in the inner ear and the central 
auditory pathway. Proc. Natl. Acad. Sci. 97, 4333. https ://doi.org/10.1073/pnas.97.8.4333 (2000).

 44. Kubisch, C. et al. KCNQ4, a novel potassium channel expressed in sensory outer hair cells, is mutated in dominant deafness. Cell 
96, 437–446 (1999).

 45. Sun, W. et al. Potassium channel activator attenuates salicylate-induced cochlear hearing loss potentially ameliorating tinnitus. 
Front. Neurol. https ://doi.org/10.3389/fneur .2015.00077  (2015).

 46. Bazard, P., Frisina, R. D., Walton, J. P. & Bhethanabotla, V. R. Nanoparticle-based plasmonic transduction for modulation of 
electrically excitable cells. Sci. Rep. 7, 7803 (2017).

 47. 47Chittam, H. K. Modulation of whole cell currents in human neuroblastoma cells via the hormone aldosterone: an in vitro study 
(2016).

 48. Kovalevich, J., & Langford, D. In Neuronal cell culture 9–21 (Springer, Berlin, 2013).
 49. Lotan, R. Retinoids in cancer chemoprevention. FASEB J. 10, 1031–1039 (1996).
 50. Melino, G., Thiele, C. J., Knight, R. A. & Piacentini, M. Retinoids and the control of growth/death decisions in human neuroblas-

toma cell lines. J. Neurooncol. 31, 65–83 (1997).
 51. Påhlman, S., Ruusala, A.-I., Abrahamsson, L., Mattsson, M. E. & Esscher, T. Retinoic acid-induced differentiation of cultured 

human neuroblastoma cells: a comparison with phorbolester-induced differentiation. Cell Differ. 14, 135–144 (1984).
 52. Banno, A. et al. Subcellular localization of talin is regulated by inter-domain interactions. J. Biol. Chem. 287, 13799–13812 (2012).
 53. Lenstra, J. A. & Bloemendal, H. Topography of the total protein population from cultured cells upon fractionation by chemical 

extractions. Eur. J. Biochem. 135, 413–423 (1983).
 54. Loo, L.-H. et al. Heterogeneity in the physiological states and pharmacological responses of differentiating 3T3-L1 preadipocytes. 

J. Cell Biol. 187, 375–384 (2009).
 55. Michelsen, U. & von Hagen, J. In Methods in Enzymology vol. 463 305–328 (Elsevier, 2009).
 56. Marone, M., Mozzetti, S., De Ritis, D., Pierelli, L. & Scambia, G. Semiquantitative RT-PCR analysis to assess the expression levels 

of multiple transcripts from the same sample. Biol. Proc. Online 3, 19 (2001).
 57. Bustin, S., Benes, V., Nolan, T. & Pfaffl, M. Quantitative real-time RT-PCR–a perspective. J. Mol. Endocrinol. 34, 597–601 (2005).
 58. Tosetti, P., Taglietti, V. & Toselli, M. Functional changes in potassium conductances of the human neuroblastoma cell line SH-SY5Y 

during in vitro differentiation. J. Neurophysiol. 79, 648–658 (1998).
 59. Matthews, J. B. et al. Na-K-2Cl cotransporter gene expression and function during enterocyte differentiation: modulation of Cl-

secretory capacity by butyrate. J. Clin. Investig. 101, 2072 (1998).
 60. Huang, X. & Jan, L. Y. Targeting potassium channels in cancer. J. Cell. Biol. 206, 151–162 (2014).
 61. Lösel, R. & Wehling, M. Nongenomic actions of steroid hormones. Nat. Rev. Mol. Cell Biol. 4, 46 (2003).
 62. Ben-Ari, Y. NKCC1 chloride importer antagonists attenuate many neurological and psychiatric disorders. Trends Neurosci. 40, 

536–554 (2017).
 63. Lu, K.-T. et al. NKCC1 mediates traumatic brain injury-induced hippocampal neurogenesis through CREB phosphorylation and 

HIF-1α expression. Pflügers Archiv – Eur. J. Physiol. 467, 1651–1661. https ://doi.org/10.1007/s0042 4-014-1588-x (2015).
 64. Bandulik, S. Of channels and pumps: different ways to boost the aldosterone?. Acta Physiol. 220, 332–360 (2017).
 65. Bastl, C. P. & Hayslett, J. P. The cellular action of aldosterone in target epithelia. Kidney Int. 42, 250–264 (1992).
 66. Wang, W.-H., Yue, P., Sun, P. & Lin, D.-H. Regulation and function of potassium channels in aldosterone-sensitive distal nephron. 

Curr. Opin. Nephrol. Hypertens. 19, 463 (2010).
 67. Neverisky, D. L. & Abbott, G. W. Ion channel–transporter interactions. Crit. Rev. Biochem. Mol. Biol. 51, 257–267 (2016).
 68. Bénitah, J. P., Perrier, E., Gómez, A. M. & Vassort, G. Effects of aldosterone on transient outward K+ current density in rat ven-

tricular myocytes. J. Physiol. 537, 151–160 (2001).
 69. Bandulik, S., Penton, D., Barhanin, J. & Warth, R. TASK1 and TASK3 potassium channels: determinants of aldosterone secretion 

and adrenocortical zonation. Hormone Metab. Res. 42, 450–457 (2010).
 70. Wang, T. et al. Bumetanide hyperpolarizes Madin–Darby canine kidney cells and enhances cellular gentamicin uptake by elevating 

cytosolic  Ca2+ thus facilitating intermediate conductance  Ca2+-activated potassium channels. Cell Biochem. Biophys. 65, 381–398 
(2013).

 71. Orlov, S. N., Tremblay, J. & Hamet, P. Cell volume in vascular smooth muscle is regulated by bumetanide-sensitive ion transport. 
Am. J. Physiol. Cell Physiol. 270, C1388–C1397 (1996).

 72. Perry, P. B. & O’Neill, W. C. Swelling-activated K fluxes in vascular endothelial cells: volume regulation via K-Cl cotransport and 
K channels. Am. J. Physiol.-Cell Physiol. 265, C763–C769 (1993).

 73. Sarkadi, B. & Parker, J. C. Activation of ion transport pathways by changes in cell volume. Biochim. et Biophysica Acta –Rev. 
Biomembr. 1071, 407–427 (1991).

 74. Dooley, R., Harvey, B. J. & Thomas, W. Non-genomic actions of aldosterone: from receptors and signals to membrane targets. Mol. 
Cell. Endocrinol. 350, 223–234 (2012).

 75. Williams, G. H. Aldosterone biosynthesis, regulation, and classical mechanism of action. Heart Fail. Rev. 10, 7–13 (2005).
 76. Rinehart, J. et al. WNK2 kinase is a novel regulator of essential neuronal cation-chloride cotransporters. J. Biol. Chem. 286, 

30171–30180 (2011).
 77. D’Andrea, L. et al. Na: K: 2Cl Cotransporter (NKCC) of Intestinal Epithelial Cells SURFACE EXPRESSION IN RESPONSE TO 

cAMP. J. Biol. Chem. 271, 28969–28976 (1996).
 78. Matthews, J. et al. Phorbol ester sequentially downregulates cAMP-regulated basolateral and apical Cl-transport pathways in T84 

cells. Am. J. Physiol. Cell Physiol. 265, C1109–C1117 (1993).
 79. Matthews, J. B., Smith, J. A. & Hrnjez, B. J. Effects of F-actin stabilization or disassembly on epithelial Cl-secretion and Na-K-2Cl 

cotransport. Am. J. Physiol. - Cell Physiol. 272, C254–C262 (1997).
 80. Matthews, J. B., Smith, J. A., Mun, E. C. & Sicklick, J. K. Osmotic regulation of intestinal epithelial Na+-K+-Cl− cotransport: role 

of Cl− and F-actin. Am. J. Physiol. Cell Physiol. 274, C697–C706 (1998).
 81. Matthews, J. B., Smith, J. A. & Nguyen, H. Modulation of intestinal chloride secretion at basolateral transport sites: opposing effects 

of cyclic adenosine monophosphate and phorbol ester. Surgery 118, 147–153 (1995).
 82. Matthews, J. B., Tally, K. J. & Smith, J. A. Activation of intestinal Na-K-2Cl cotransport by 5′-AMP requires F-actin remodeling. 

Am. J. Surg. 169, 50–56 (1995).
 83. Matthews, J. B. et al. Na (+)-K (+)-2Cl-cotransport and Cl-secretion evoked by heat-stable enterotoxin is microfilament dependent 

in T84 cells. Am. J. Physiol. – Gastrointest. Liver Physiol. 265, G370–G378 (1993).
 84. Farokhzad, O. C., Mun, E. C., Sicklick, J. K., Smith, J. A. & Matthews, J. B. Effects of bryostatin 1, a novel anticancer agent, on 

intestinal transport and barrier function: role of protein kinase C. Surgery 124, 380–387 (1998).
 85. Farokhzad, O. C. et al. Protein kinase C activation downregulates the expression and function of the basolateral Na+/K+/2Cl− 

cotransporter. J. Cell. Physiol. 181, 489–498 (1999).
 86. Bouyer, P. G. et al. Capsaicin induces NKCC1 internalization and inhibits chloride secretion in colonic epithelial cells independently 

of TRPV1. Am. J. Physiol.-Gastrointest Liver Physiol. 304, G142–G156 (2012).
 87. Lee, M. P. et al. Targeted disruption of the Kvlqt1 gene causes deafness and gastric hyperplasia in mice. J. Clin. Investig. 106, 

1447–1455 (2000).

https://doi.org/10.1073/pnas.97.8.4333
https://doi.org/10.3389/fneur.2015.00077
https://doi.org/10.1007/s00424-014-1588-x


14

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:15604  | https://doi.org/10.1038/s41598-020-72450-4

www.nature.com/scientificreports/

 88. Neyroud, N. et al. A novel mutation in the potassium channel gene KVLQT1 causes the Jervell and Lange-Nielsen cardioauditory 
syndrome. Nat. Genet. 15, 186 (1997).

 89. Vetter, D. E. et al. Inner ear defects induced by null mutationof the isk Gene. Neuron 17, 1251–1264 (1996).
 90. Larsen, B. R. et al. Contributions of the Na+/K+-ATPase, NKCC1, and Kir4.1 to hippocampal K+ clearance and volume responses. 

Glia 62, 608–622 (2014).

Acknowledgements
This work was supported National Institutes of Health Grant – NIA P01 AG009524. We thank Dr. Parmvir Bahia, 
Research Associate, Molecular Pharmacology and Physiology, University of South Florida to help set-up the 
patch clamp experiments. Authors also thank Robert Buzzeo-Hill, Scientific Researcher, Biosciences, University 
of South Florida for providing the pipette puller to perform electrophysiology experiments. We thank Dr. Shan-
non Salvog for copy editing and administrative assistance.

Authors contribution
J.W, RF, VB, and BD conceptualized, designed, and supervised the research and experiments. PB, HC, XZ and 
BD analyzed the data. PB, HC and TP performed the research. HC, PB, BD, RF and JW wrote the manuscript 
and all authors revised the manuscript. VB and TTC provided the patch clamp equipment in which the experi-
ments were performed.

competing interests 
Drs. Ding, Frisina, Zhu and Walton hold a patent (not yet licensed) on the use of aldosterone and anti-inflam-
matories to treat age-related hearing loss. There are no other actual or perceived conflicts for the authors of this 
manuscript regarding funding source agencies, NIH or others, for the research reported in this manuscript.

Additional information
Correspondence and requests for materials should be addressed to J.P.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Aldosterone up-regulates voltage-gated potassium currents and NKCC1 protein membrane fractions
	Anchor 2
	Anchor 3
	Methods
	Cell culture. 
	Cell Fraction Isolation. 
	RT-PCR experiments. 
	Electrophysiology. 
	Western blot analysis. 
	Statistical analyses. 

	Results
	NKCC1 expression in SH-SY5Y cells. 
	Effect of aldosterone on NKCC1 expression levels and whole-cell voltage-gated potassium currents. 
	NKCC1 membrane protein upregulation by aldosterone is regulated via mineralocorticoid receptors. 
	NKCC1 and potassium channel inhibitors do not affect ALD-induced NKCC1 protein expression. 
	ALD mineralocorticoid receptor and NKCC1 inhibitors affect ALD-induced whole-cell currents. 

	Discussion
	Summary and conclusion
	References
	Acknowledgements


