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Abstract

The collecting duct (CD) principal cells of our kidneys are critical in the 
maintenance of blood water levels, as binding of vasopressin (AVP) to its 

role for microRNAs (miRNAs) in the regulation of water and electrolyte 

transcriptional regulator of Cox2 expression and  investigated the role of 
this miR132 in diuresis in vitro and in vivo. Silencing of miR-132 in cultured 

Silencing of miR-132 in mice caused severe weight loss as a result of acute 
diuresis characterized by increased plasma osmolality and decreased urine 

AVP mRNA expression and blood AVP levels were not increased, despite the 

apical membrane in CD cells. Taken together, Silencing of miR-132 causes 
acute diuresis. Our data indicate that this is the result of a Cox2-dependent 

demonstration of water balance regulation by a miRNA.
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Introduction

For our body, replenishment of water losses by an equivalent intake is 
essential to maintain our volume and osmo balance, as excessive water 
retention leads to acute or chronic hyponatremia coinciding with brain 
edema or osteoporosis, whereas overhydration and dehydration are 
fundamental to hypertension and hypotension, respectively. The collecting 
duct principal cells of our kidneys are critical in these regulatory processes. 
In states of hypovolemia or hypernatremia, the anti-diuretic hormone 
vasopressin is produced within the hypothalamic paraventricular (PVN) and 
supraoptic (SON) neurons1. AVP is then processed, stored, and secreted 
into the circulation by the posterior pituitary. Upon binding to its type-2 
receptor (V2R) in renal collecting duct principal cells, AVP induces a cAMP 
signaling cascade and activation of protein kinase A (PKA), which results in 

permeable2-4. Driven by the transcellular osmotic gradient, water will enter 

present in the basolateral membrane, resulting in concentrated urine1. Upon 
correction of blood tonicity or volume, blood vasopressin levels will drop 

5. Besides this short-term effect, vasopressin 

via activation of and promoter binding by the cyclic AMP responsive element 
binding protein (CREB)6,7

X-linked or autosomal nephrogenic diabetes insipidus (NDI), respectively, 
disorders characterized by polyuria and polydipsia due to unresponsive to 
vasopressin8

principal collecting duct cells in this process.
 
AVP dependent regulation of water homeostasis can be modulated by 

9.  Accordingly, renal 
prostaglandin E2 2) is known to counteract renal vasopressin action10, 

11. In 
addition, NSAIDs transiently enhance urine concentration12. On the other 
hand, recent studies showed that inhibition of Cox by indomethacin reduced 

13

has been reported to reduce central AVP production and release14.
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Several studies have assessed the expression of microRNAs (miRNAs) in the 
kidney15,16. MiRNAs are a class of super-regulatory molecules, which control 
the expression of sets of genes that are often functionally related at the post-
transcriptional level17. Following several impressive  examples for a pivotal 
role for miRNAs in cardiovascular development and hematopoiesis18, there is 
no doubt that miRNAs will also regulate pivotal functions in renal electrolyte 
homeostasis. Indeed, functional involvement of miRNAs in kidney regulatory 
processes was shown by several recent papers. For instance, Cre-mediated 
deletion of dicer from uretic buds and its descendents, including collecting 
duct epithelium and urothelium, by using Hox7B-CRE mice resulted in 
severe hydronephrosis19. Importantly, most mice had focal microscopic 
tubular cysts originating from the collecting duct, indicating that preventing 
pre-miRNA dicing, and thus regulation by miRNAs in these segments, 
especially affects the renal collecting duct. Also, based on in vitro analysis, 
miR-192 has been suggested to have a role in aldosteron-mediated sodium 
and potassium balance20 and miR-200b and miR-717 were associated with 
alterations in renal tonicity 21. However, experimental in vivo analysis of, the 
role of miRNAs in maintaining the body’s water and electrolyte balance has 
virtually remained unexplored. 

In the present study, we aimed to identify a role for miRNAs in prostaglandin 
dependent regulation of water homeostasis. We found that miR-132 can 
directly target Cox2 and silencing of miR-132 in mice revealed a severe weight 

transport. 
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Materials and Methods

Mice
Male balb/c mice were used (n=10 per group, age=8 weeks, Charles River 
Nederland, Maastricht, the Netherlands). 24 hours before i.v. tail injection 
of 40 mg/kg bodyweight of antagomir-132 or control scramblemir, mice 

and drinking water were provided ad libitum. Following antagomir injection, 
24-hours urine was collected during the days indicated. Mice were anesthetized 

hypothalamus were removed and samples for RNA and protein (kidney only) 
analysis were frozen in liquid N2. The samples for immunocytochemistry 

Blood plasma was obtained by centrifugation (15 min at 150 g at room 
temperature, no brake). The animal experiments and protocols were approved 
by the animal welfare committee of the veterinary authorities of the Leiden 
University Medical Center.

Cell culture
The cell lines NIH3T3 (3T3) and mIMCD3 (IMCD) were obtained from 
ATCC (American Type Culture Collection, Manassas, VA). 3T3 cells 

Invitrogen, Breda, the Netherlands), and IMCD cells in DMEM/HAM-F12 
medium. Both media were supplemented with 10% fetal calf serum (Bio 
Whittaker/Cambrex, Verviers, Belgium) and 1x L-glutamin (Invitrogen) at 

cells (clone 11) were grown as previously described22

transferrin, 2mMglutamine, 50 nM dexamethasone, 1 nM triiodothyronine, 

fetal calf serum and 20 mM HEPES (pH 7.4). 

Antagomir design   
Cholesterol-conjugated RNA analogs, ‘antagomirs’, (Thermo 

  were synthesized as previously 
described23. For antagomir-132 the following sequence was used: 
5’-csgsaccauggcuguagacugsususas-Chol-3’. As a control a ‘scramblemir’ was used, 
this RNA analog is constructed from a randomized nucleotide sequence which 
does not bind to any known microRNAs: 5’-asusgacuaucgcuauucgcsasusgs-
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Chol-3’. The lower case letters represent 2’-O
subscript ‘s’ represents phosphorothiate linkage; ‘Chol’ represents a 
cholesterol-group linked through a hydroxyprolinol linkage.

Plasma and urine assays
 (Siemens, country etc) were used to qualitatively determine 

a freezing point depression osmometer. Urinary AVP levels were determined 
on 10x diluted 24-hrs urine samples using an enzymatic AVP immunoassay 
(Cayman Chemical, Ann Arbor, MI, USA), according to the protocol of 

of the manufacturer. Blood samples were supplemented with indomethacin 
directly after drawing blood, to prevent ex vivo formation of prostaglandins 
that have the potential to interfere with the assay.

Cox2 3 ’UTR miR-132 reporter assay
A synthetic, double-stranded oligonucleotide spanning a 60 bp region of the 

reporter gene in the pMIR-reportTM Expression Reporter Vector System 
(Applied Biosystems, Amsterdam, the Netherlands), thereby generating pMIR-
132-report. The same construct lacking the miRNA sequence (pMIR132-

cloning and sequence of the inserts. A renilla luciferase expression plasmid 
(pRL-SV40, Promega, Leiden, the Netherlands) served as a transfection 

antagomir treatment, IMCD cells were trypsinized, resuspended in 500 mL 

or pMIR-132-reportNC, together with 150 ng pRL-SV40 were added. The cell 

Pulser II (Bio-Rad Laboratories, Veenendaal, the Netherlands). After 10 min 
recovery time at room temperature, 1.5 × 105 cells were plated in a 24-wells 

were measured using a Dual-Luciferase Assay Reporter System (Promega) in 

Western Blot
Western blot analyses were performed on cellular lysates harvested in lysis buffer 
(50 mM Tris-HCl pH7.5, 150 mM NaCl, 1% SDS, 0,5% deoxycholate,  0,5% 
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Triton X-100) containing protease inhibitors (Complete protease inhibitor 
cocktail, Roche, Basel, Switzerland). Protein equivalents were separated 

transferred to a nitrocellulose membrane (Bio-Rad Laboratories, Veenendaal, 

Aarhus, Denmark and Dr. Knepper respectively24,25. Bound primary antibody 
was labeled with HRP-conjugated secondary antibody in blocking solution. 
Bound fragments were detected with chemiluminescent reagents (West Dura 

RNA isolation and qRT-PCR analysis
Total RNA was isolated from kidney and hypothalamus using Trizol 
reagent (Invitrogen). Validation of miR-132 expression was performed 

USA) according to manufacturer’s instructions. RNU6B was utilized for 

250 ng total RNA was reverse transcribed using oligo(dT) primers and 
M-MLV First-Strand Synthesis system (Invitrogen) according to the 
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Immunohistochemistry

they were subjected to heat-induced antigen retrieval method using citrate 
buffer (10mM, pH 6.0) in a microwave for 20 min. Next, sections were 

Cox2 (Abcam) followed by an appropriate secondary antibody labeled 
with Alexa-568 (Molecular Probes). Images were made using a confocal 

In Situ Hybridization
In situ hybridization for miR-132 was performed by Bioneer (Denmark) as 
previously described26.
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Results

miR-132 directly targets Cox2

water reabsorption in collecting duct by inducing the internalization and 
. To potentially identify miRNAs involved 

in this proces, we used online available algorithms (www.microrna.org) and 

cloned part of the 3’UTR of murine COX2 in a luciferase construct and 
introduced this construct in the mIMCD3 (IMCD) collecting duct cell line. 
Following transfection with antagomir-132 or the scramblemir control, we 
found increased luciferase expression in the presence of antagomir-132 as 
compared to control scramblemir, illustrating that miR-132 can directly bind 
and regulate Cox2 mRNA expression (Figure 1A). As miRNAs are mainly 
negative gene regulators, we next investigated whether silencing of miR-132 
in collecting duct cells would lead to a de-repression of Cox2 expression. 
To that end, we used the mpkCCD collecting duct cell line that is known 

22. Indeed, both in the 
absence and presence of dDAVP silencing of miR-132 led to a modest but 

(Figure 1BC).
Next to renal collecting duct cells, renal interstitial cells have also been 
reported to express Cox2 and may thus be under regulation of miR-132. To 
test this, we used 3T3 cells as an in vitro model for renal interstitial cells and 
cultured them in the presence of antagomir-132 or scramblemir. Indeed, also 

treated with antagomir-132 as compared to the scramblemir (Figure 1DE).

Blocking miR-132 results in increased AQP2 expression in vitro
Since miR-132 targets Cox2 and Cox2-produced prostaglandins reduce 

adding antagomir-132. Surprisingly, subsequent western blot analysis showed 

does not involve direct Cox2 mediated signaling. How miR-132 mediates the 
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MiR-132 silencing in mice results in weight loss and diuresis
As, in vivo, the Cox2 expressing target cell for miR-132 could be different 

by systemic factors, we next sought to determine the effect of silencing miR-
132 on water homeostasis in mice. To keep track of physiological parameters, 
we housed the mice in metabolic cages to collect 24-hours urine following 

either 1 day or 3 days after injection, blood was collected and kidneys 
and hypothalami were isolated. To validate in vivo miR-132 silencing we 

fold downregulation of miR-132 in total kidney tissue at both 1- and 3 days 
after administration (Figure 2A). To get insight in the regional expression of 

Figure 1. miR-132 targets Cox2 and affects AQP2 expression in vitro. A, luciferase assay 

representative western blot for Cox2 in mpkccd (B) and 3T3 (D) cells and corresponding 

dDAVP stimulation illustrates miR-132 dependent regulation.
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Figure 2. Silencing of miR-132 induces diuresis. A, antagomir-132 successfully knocked 
down miR-132 in vivo in the kidney determined by qRT-PCR. B, qRT-PCR for miR-132 
in dissected kidneys shows higher miR-132 levels in medullary regions. C, representative 

expression in medulla. D, representative microscopic images of ISH illustrate predominant 
tubular epithelial localization of miR-132 and (E) knockdown by antagomir-132. F, miR-132 
silencing results in weight loss 1 day after injection as compared to scramblemir control. 

treatments results in a trend towards less water (H) and food (I) intake 1 day after injection, 
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miR-132 in the untreated kidney we dissected cortex, medulla and papilla and 
subsequent qRT-PCR analysis demonstrated that miR-132 expression displays 
a regional increase from cortex to papilla (Figure 2B). Although expression 
was found throughout the entire kidney, in situ
abundant medullary expression of miR-132 (Figure 2C) with highest levels in 
distal tubular epithelial cells (Figure 2D). Also some vascular smooth muscle 
cells clearly stained positive (Supplementary Figure 1). ISH of kidneys of 
antagomir-132 treated mice validated miR-132 silencing as miR-132 staining 
was markedly reduced (Figure 2DE).
Physiological parameters also revealed striking effects of miR-132 silencing. 
As early as 24 hours after injection, mice injected with antagomir-132 lost 0.5 
gram more body weight than scramblemir-injected mice, which corresponds 
to 2-2.5% of their total body weight (Figure 2F). 

injection, urine and drinking volumes of mice treated with antagomir-132 

thirst sensation which, in combination with polyuria, resulted in even more 
dehydration explaining the observed weight loss.  Antagomir-132 treated 
mice showed a trend towards decreased food intake, which corresponded to 

As we observed antagomir-132 induced polyuria (Figure 3A), we sought to 
determine if urine and plasma osmolality were changed. As shown in Figure 
3B we found an increase in plasma osmolality associated with a decrease in 

of these urines, assessed qualitatively using urine strips (data not shown). As 
sodium is considered to be the main determinant of plasma osmolality, we 

sodium concentration (Figure 3C). Urinary sodium did show a trend towards 

active sodium reabsorption. 

Silencing of miR-132 abrogates apical localization of AQP2 in collecting 
duct cells 

injected with antagomir-132 compared to the scramblemir treated controls 
(Figure 4AB). In contrast, when we investigated the cellular localization of 
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between both treatment groups. In kidney sections from control mice, a clear 
apical staining is observed whereas in antagomir-132 treated mice however, 

27. As 
shown in Figure 4C-E, no differences were observed.

MiR-132 silencing suppresses sodium-hydrogen exchanger 3 (NHE3) 
gene expression
Unexpectedly, despite the increased osmolality we did not measure a 
difference in plasma sodium levels. However, urinary sodium showed a trend 
towards increased levels, suggesting antagomir-132 partly inhibits active 
sodium reabsorption. Therefore we investigated gene expression of four main 
sodium transporters along the tubular system, sodium-hydrogen exchanger 
3 (NHE3), sodium-chloride symporter (NCC), Na-K-Cl cotransporter 

Figure 3. Blocking miR-132 results in a strong change in osmolality while not in 
sodium levels. A and B, plasma osmolality (A) increased after miR-132 silencing, while 
urine osmolality decreased (B). C and D, plasma (C) and urine (D) sodium levels were not 
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(NKCC2) and the amiloride-sensitive epithelial sodium channel (ENaC). 
Interestingly, a striking decrease in NHE3 was found (Supplementary Figure 
2).

Silencing of miR-132 increases urinary PGE levels
Since we demonstrated that miR-132 could directly target Cox2, we 
hypothesized that silencing of miR-132 should result in a de-repression 

determined renal prostaglandin production (which is also used as a measure 

Figure 4. miR-132 silencing results in altered AQP2 localization. A and B, representative 
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is mainly derived from medullary synthesis28

Figure 5. Increased renal PGE2 production while no increase in AVP. 

altered but showed a trend towards reduced levels. C and D, representative microscopic 
images of renal Cox2 shows interstitial (C) and tubular epithelial (D) cell positive staining. 

expression is decreased due to blocking miR-132.



142    

(Figure 5B). To determine where miR-132 could affect Cox2 we performed 
a staining to assess where Cox2 is expressed. Although some controversy 
exists about the location of constitutive Cox2 expression, we found it to be 
expressed in interstitial cells, cortical tubular structures (based on morphology 

 (Figure 5E). This pattern 
highly corresponds to miR-132 localization, consistent with a functional link 
between the miR and Cox2.

MiR-132 blocking attenuates hypertonicity-induced increase in blood 
AVP levels 
In normal physiology increased plasma osmolality stimulates drinking and 
secretion of AVP, resulting in increased renal water reabsorption, more 
concentrated urine, and less concentrated blood plasma. We assessed 

29, and 
surpisingly found no increase in AVP levels (Figure 5F). In fact, we see a 
trend towards decreased levels of vasopressin. Alternatively, or additionally, 
the observed effect of increased diuresis, may be due to reduced central 

14. To assess 
this hypothesis we excised the hypothalamus of the animals and determined 
AVP gene expression by qPCR. We found decreased levels of AVP gene 
expression in the hypothalamus in mice that received antagomir-132 (Figure 

AVP production providing an additional explanation for the (trend towards) 
lower urinary AVP levels.
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Discussion

increased plasma osmolality and decreased urine osmolality. The effects we 
observed seem to be acute, as they are present within 24 hours after injection of 
antagomir-132, while 48 hours after injection, no further weight loss or polyuria 
is found. This suggests the body responds to this interference in homeostatic 
conditions by a feedback mechanism, which seems appropriate as regulation 
of water and electrolyte balance is tightly controlled. Antagomir-132 treated 
mice showed a trend towards decreased food intake that corresponded with 
reduced feces production which is therefore no contributor to weight loss. 
However, these observations suggest the mice display signs of malaise.

(NIH3T3) that blocking miR-132 results in increased Cox2 levels. In vivo, this 

that miR-132 can have ambiguous effects, depending on the site of action. 

We found miR-132 expression predominantly in tubular structures, with 
highest levels in the renal medulla and more distant regions of the tubule. 
In addition, we observed most Cox2 expression in distant regions of the 

reported on this subject30,31. As we demonstrated that Cox2 is a direct target 
of miR-132, this suggests its regulation could be mainly taking place here. 

However, also (cortical) interstitial cells are expressing Cox2, and as we have 

increase in Cox2 expression. To elucidate the exact site of action of miR-132 
and its target(s) involved in diuresis further investigations are necessary.

translocation and subsequent increased diuresis as it is known to counteract 
10,11. In addition, AVP levels in the urine, 

29 were slightly decreased, possibly 
due to decreased AVP production in the hypothalamus as we show that 
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hypothalamic AVP gene expression is decreased as a results of antagonizing 
miR-132. These decreased levels could again be explained by an alteration 

14 although the exact mechanism needs further investigation. 
In addition, to clarify the role of central AVP production on the observed 
phenomena in this study, one needs to investigate the effect of antagomir-132 
while also providing synthetic dDAVP to the mice, which could rescue the 
phenotype if it was completely due to central AVP interference.

It has been well established that AVP also has long term effects in principal 

and promoter binding by the cyclic AMP responsive element binding protein 
(CREB)6,7. CREB itself is known to regulate transcription of miR-13232, 
providing a potential feedback loop in signaling. Furthermore, miR-132 can 
target p30033, which is a transcriptional co-activator that can act in concert 
with CREB. In addition, promoter activity of Cox2 is dependent on CREB/
p300 transcription factors34,35. These factors are adding additional layers of 
possible autoregulation within water maintenance. Besides, this might explain 
the in vitro
it has been shown that inhibition of Cox2 by indomethacin reduced renal 

13, which might also explain our in vitro observations. 

We observed an increase in plasma osmolality suggesting the mice are 
hypovolemic. This would normally be accompanied by decreased blood 
pressure and subsequent activation of the RAAS pathway. Angiotensin 
II, that will be increased due to RAAS activation, is known to exert a 
dipsogenic effect36. The dipsogenic action of angiotensin II is thought to be 
mediated by the subfornical organ (SFO), because the SFO contains a high 
concentration of the angiotensin AT1 receptor37 and ablation of the SFO 
completely abolished the dipsogenic response to angiotensin II38. However, 
we surprisingly found the polyuric mice to drink less. It could be expected 
therefore that angiotensin II signaling is disturbed. Indeed, a crosstalk 
between miR-132 and angiotensin II has been described39. Furthermore it 
was shown that miR-132 can directly target Angiotensin II type 1 Receptor 
(AT1R)40. These data suggest that also angiotensin II signaling is disturbed 
in these mice by silencing miR-132. Interestingly, NHE3 is also known to be 
regulated by angiotensin II41, so disturbed angiotensin II signaling could also 
reduce NHE3 expression, which is what we observed.
Some neurons in the above mentioned SFO are osmoreceptors, being 
sensitive to the osmotic pressure of the blood. These neurons project to 
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the supraoptic nucleus and paraventricular nucleus to regulate the activity of 
vasopressin-secreting neurons. AVP levels are known to be subject to circadian 
regulations. Also CREB mediated miR-132 expression is circadian-regulated, 
in the suprachiasmatic nucleus (SCN), where it is important for proper clock-
resetting responses to light42. Furthermore, AVP plays an important role in 
nocturnal enuresis. It is therefore that DDAVP is used as a drug to treat 
nocturnal enuresis, although this phenomenon is not mediated by the V2R 

43,44. It would be plausible however for miR-132 
to play a role in this regulation as it is involved in diuresis. Interestingly, a 
comphrehensive miRNA sequencing study indicated miR-132 to be highly 
enriched in the pituitary15, suggesting antagomir-132 could strongly affect the 
above mentioned processes at this site.

Taken together, it is evident that miR-132 plays a central role in physiology, 

miR-132 expression is crucial to associated disorders like hypertension, edema, 
Diabetes Insipidus and syndrome of inappropriate antidiuretic hormone 
hypersecretion (SIADH) .This makes miR-132 a very attractive candidate for 
future therapeutics and further investigation in physiological processes.



146    

Supplementary Files

SH) shows miR-132 is present in 
vascular smooth muscle cells.

qRT-PCR of 4 main sodium transporters along the tubular system 
reveals a strong decrease in NHE3 expression due to miR-132 silencing.
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