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Abstract 

We investigated the role of aquaporin 2 (AQP2) membrane expression in inner 

medullary (IM) collecting ducts (CD) relative to the urine concentrating mechanism by 

comparing basal-to-apical (B:A) AQP2 ratios of kangaroo rats (KR) with control and water-

restricted Sprague-Dawley (SD).  Previous studies have shown that vasopressin increases 

IMCD transepithelial water permeability, with apical AQP2 considered rate-limiting, while in 

Madin-Darby canine kidney cells, AQP2 is translocated to the basal membrane with 

hypertonicity and forskolin.  The latter is seemingly inconsistent with the known water-

reabsorptive role of AQP2.  IM transverse sections at 1000-µm intervals throughout the 

corticopapillary axis were labeled by immunohistochemistry for AQP2.  The B:A AQP2 ratio at 

increasing 1000-µm intervals from the IM border to papilla tip is approximately 1.5-fold greater 

at each level in KR CD (.71, 1.23, 1.46, 1.18, 1.40, 1.51) relative to SD control (.46, .62, .65, 

.80, .88, 1.08) and SD water-restricted (SDWR)(.41, .54, .54, .64, .54, .77).  These results 

correlate with prior studies by others indicating peritubular hypertonicity elevates CD water 

permeability and B:A AQP2 ratios.  Immunohistochemistry suggests a steady presence of 

basal AQP2 in KR and SDWR and a more significant role for basal AQP2 than presently 

realized.  Funding from WAESO, APS, NSF IOS-0952885, NIH DK08338. 
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Introduction 

The kidneys are a paired set of bean-shaped retroperitoneal organs that bear most 

responsibility for urinary system function.  The interstitium of the integumentary system and 

blood vessels of the circulatory system also bear key roles.  Kidneys operate to maintain 

homeostatic regulation of electrolytes (2) and transporting ions for blood pH, blood volume, 

blood pressure, the ionic construct of blood, and excretion of waste (15). They also release 

three important hormones:  erythropoietin (bone marrow), calcitriol (active form of vitamin D) 

and renin (blood pressure).  For the purposes of this study, the kidney function of interest is the 

formation of urine.  In humans, total blood volume of between one and one and one-half 

gallons is filtered every hour, resulting in approximately 40 gallons or 27 total volume filtrations 

per day (19), between 105 and 125 mL/min, (15). 

The kidneys are protected by a fibrous outer membrane, within which are located two 

main regions:  the outer cortex and the medulla (2).  The medulla is further classified into outer 

and inner regions as well, with the inner medulla containing the deeper juxtamedullary 

nephrons upon which this study is based.  It is important to note there are two types of 

nephrons within the kidney:  the juxtamedullary (15, Figure 2), mentioned above, and 

superficial; those which are superficial do not extend sufficiently throughout the inner medulla 

to participate directly in the passive mechanism of urine concentration. 
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Figure 1, left.  Longitudinal sectioning of the anterior and posterior sections of a kidney depicts the main 
structures upon which the kidney is comprised.  Figure 2, right.  The juxtamedullary nephron and its blood supply 
together.  Both figures courtesy Tortora (15). 
 

Exploring the kidney from superficial to deep (above, Figure 1), the renal cortex, renal 

medulla, and renal pelvis are found.  Renal pyramids are separated by renal columns in the 

medulla.  The microscopic functional unit of the kidney, the nephron, is contained within the 

renal medulla.  Nephrons are a major contributor to the countercurrent mechanism by which 

urine is formed (15).   Water, solutes and waste, in the form of urea, are collected, reabsorbed 

and delivered to the collecting duct.  Urine leaving the collecting duct enters the renal pelvis 

and through peristaltic motion of the renal papilla, is delivered to the ureter and the urinary 

bladder. 

Approximately one million nephrons populate each human kidney.  The nephron 

consists of several structures (Figure 2) and each performs a distinct role in urine 

concentration.  Blood leaves the renal artery and advances to the afferent arteriole and into the 

renal corpuscle.  Within the renal corpuscle in the cortical region are located the glomeruli 

(approximately one million in the human kidney) (19) and Bowman’s capsules.  Within these 

blood vessel complexes, the blood plasma is filtered into Bowman’s capsule and empties into 

the renal tubule.   
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Figure 3.  The functional unit of the kidney, the nephron, and its parts, courtesy Tortora (15). 
 

The renal tubule can be considered in five parts (Figure 3, above):  the proximal 

convoluted tubule, three distinct segments of the loop of Henle, and the distal convoluted 

tubule.  After leaving Bowman’s capsule, the filtrate next passes through the proximal 

convoluted tubule, where the majority of water, ions, and uncharged solutes are reabsorbed 

into the interstitium.  The proximal convoluted tubule precedes the descending thin limb (DTL) 

of the loop of Henle, and the fluid is carried from the renal cortex deep into the renal medulla.  

This action creates a concentration gradient in its wake that facilitates the reabsorption of 

water.  In an effort to stabilize the concentration gradient, the renal tubule makes a u-turn that 

first carries the fluid in a very short transverse trajectory and then superiorly, toward the renal 

cortex.   

The ascending thin limb (ATL) of the loop of Henle reabsorbs solute.  This action is 

promoted by an osmotic gradient created by the DTL in a phenomenon referred to as 

countercurrent multiplication.  Vasa recta (peritubular capillaries) perfuse kidney tissue and 

remove reabsorbed water and solutes, returning them to the circulatory system.  The ATL 

precedes the distal convoluted tubule, where the solutes are secreted into the fluid, and further 
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solute reabsorption by the interstitium occurs.  The distal convoluted tubules of several 

nephrons empty into a collecting duct, where water is reabsorbed by action of aquaporins and 

other proteins into the interstitial nodal space (11).  The fluid, now concentrated urine and 

containing water, solutes, and waste, is carried deeper into the renal medulla.  The urine is 

emptied into a papillary duct from this and other collecting ducts and is received by the renal 

pyramid, the renal papilla, minor calyces (four of which form a major calyce), and advances to 

the renal pelvis, ureter, and ultimately, the urinary bladder. (15). 

With these mechanisms as a foundation, our overall studies are designed to provide an 

understanding of the means by which concentrated urine is formed within the renal inner 

medulla of the rodent kidney.   Amongst their other important roles in homeostasis as listed 

above, kidneys maintain fluid balance by regulating flow through aquaporins, integral cell 

membrane proteins that form pores in the phospholipid bilayer.  Peter Agre of John Hopkins 

University, Nobel Laureate, 2003, who discovered the protein, referred to aquaporins as the 

“plumbing system for cells,” (1).  Aquaporins consist of a right-handed bundle of six 

transmembrane alpha helices with both the amino and carboxyl termini located on the 

cytoplasmic surface and are believed to evolve from duplication of the half-sized gene (6).   

 

Figure 4:  “Compared with simple diffusion through the lipid bilayer of the plasma membrane (A, left panel), AQPs 
water channels (A, right panel) provide much more rapid and energy undemanding transport of water across the 
plasma membrane.  The protein nature of the water pores also offers various possibilities for the regulation of 
water transport:  by trafficking of … AQPs between the plasma membrane and a pool of intracellular vesicles (B, 
left panel), or by changing permeability of … AQPs residing in the plasma membrane (B, right panel.),” courtesy 
Zelenina 2005 (18). 
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One hormone that regulates facultative water reabsorption by increasing the water 

permeability of principal cells within the distal convoluted tubule and throughout the collecting 

duct is antidiuretic hormone (ADH) or vasopressin (AVP), which is released by the posterior 

pituitary.  ADH stimulates the insertion of aquaporin 2 (AQP2) into apical membranes via 

exocytosis as part of the shuttle hypothesis mechanism (Figure 4), although recent findings 

suggest that “AQP2 translocation can be achieved simply by modulating actin polymerization 

[even] in the complete absence of hormonal stimulation,” (4).  Apical accumulation of AQP2 

increases principal cell water permeability and allows tubular fluids to enter the cell.  Without 

this hormone, principal cell water permeability is low (13).  

 

Figure 4.  “Vasopressin (AVP) activation of adenylyl cyclase (AC) which increases cAMP levels and induces PKA-mediated 
phosphorylation of AQP2 that is necessary for its regulated membrane insertion via this signaling pathway.  Newer data show 
that an alternative, cGMP-mediated signaling pathway is present in epithelial cells in some regions of the collecting duct, 
notably the outer medulla.  Membrane insertion of AQP2 also occurs when cGMP levels are elevated by SNP [a nitric oxide 
(NO) donor], by L-arginine and nitric oxide synthase (NOS) activity, or by atrial natriuretic factor (ANF).  While PKG can 
phosphorylate AQP2 in vitro, it is unclear whether PKG directly phosphorylates AQP2 in intact cells, or whether it activates 
PKA, which in turn phosphorylates AQP2.  GC, guanylyl cyclase,”  Figure 4 courtesy Brown 2003 (4). 

 
 The basolateral membrane is typically highly-permeable, and water molecules move 

quickly through this membrane and into the blood.  When ADH is high, as in during 

dehydration, little, but highly-concentrated urine is produced.  When ADH is low, AQP2 is 

removed from the apical membrane via endocytosis.  ADH regulates osmolality using a 

negative feedback system whereby water concentration levels are detected by osmoreceptors 

in the hypothalamus, and nerve impulses stimulate ADH secretion (15).   
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Osmolality is the concentration of a solution.  It is a measurement of both ineffective and 

effective osmols.  Tonicity is the effective osmol concentration.  Effective osmolytes are those 

osmolytes that are not permeable through the plasma membrane.  Deviation from isotonicity 

causes swelling or shrinking of the cell as water flows through the membrane to equilibrate the 

concentration of solutes.  Through osmomechanical stress (16) resulting from hypertonicity, a 

cascade is initiated that causes the cytoskeleton to translocate AQP2 to the membrane.  The 

kangaroo rat has naturally-highly-osmolar urine and a hypertonic interstitium.  As in all 

mammals, the osmotic gradient is the driving force behind the urine concentration mechanism. 

In the present study we are investigating the role of AQP2 in concentrating tubular 

lumen solutes, by way of water reabsorption in the collecting ducts (CDs). AQP2, the principle 

CD water channel, is considered to provide the primary pathway for transepithelial water flux 

across the CD epithelium.  Studies with the Sprague-Dawley rat have shown that both the 

basal water permeability and vasopressin-dependent water permeability of the terminal IMCD 

are considerably higher than those of the initial IMCD (8, 13). A distinct reduction in apical 

AQP2 protein expression occurs in the terminal IMCD of the laboratory rat and kangaroo rat. 

As reported by others (10, 13), we noted that the basal-to-apical (B:A) AQP2 expression ratio 

exhibits a shift in polarity at an intermediate point along the length of the CD.                             

The kangaroo rat, native to Tucson, Arizona (10), is able to concentrate its urine to 

approximately 6000 mOsm, while the common laboratory rat, the Sprague-Dawley, is able to 

concentrate its urine to approximately half, or 2900 mOsm.  The classical studies of kangaroo 

rat and other desert species demonstrating tolerance to low water intake, underscore the 

potential insights these species could offer in understanding the urine concentrating 

mechanism.  Our previous studies suggest that this B:A AQP2 expression ratio shift is 



9 
 

intensified in the kangaroo rat, relative to the laboratory rat.  In the Sprague-Dawley rat, this 

shift has been considered to occur as a response to the effects of vasopressin, acting by way 

of cyclic AMP, and hypertonicity (acting independently of vasopressin).   As inner medullary 

hypertonicity of the kangaroo rat markedly exceeds that of the Sprague-Dawley, we 

hypothesize that hypertonicity plays a greater role in signaling the shift in the polarity of AQP2 

expression in kangaroo rat, relative to the shift seen in the laboratory rat, as originally 

proposed by Van Balkom and colleagues, (16). 

Segment Origin  Condition Water permeability (µm/sec)  P(Basal vs AVP) 
 
 
IMCD 1 Basal   15.8 +/-   8.2 0.033 
 AVP 148.2 +/- 50.1 
 
IMCD 2 Basal   70.6 +/- 17.4 0.003 
 AVP 207.8 +/-   32.1 
  
IMCD 3 Basal   69.5 +/- 12.5 0.014 
 AVP 146.8 +/- 28.9 
 
Table 1.  Effect of 10 nM arginine vasopressin on transepithelial water permeability in isolated perfused Sprague-
Dawley rat inner medullary collecting ducts.  (Data from Sands 13). Origins of IMCD 1, IMCD 2, and IMCD 3 are 
0-33%, 34-66%, and 67-100%, respectively, of total inner medullary length. 
 
 
Materials and Methods 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5:  Methods flowchart. 
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Animal preparation - Three adult Dipodymys merriami (kangaroo rat) and six Sprague-

Dawley rats were fed rat chow and water ad libitum until adulthood.  For Sprague-Dawley male 

rats, this represents 8 weeks of age or 250.7 g.  The kangaroo rats were trapped locally in the 

wild, age unknown.  They were considered adults, based upon weight, which according to a 

study by Bradley & Mauer in 1971 (3), was found to be over 26.5 g.  During the final 73 hours 

of animal preparation, three adult Sprague-Dawley rats were placed upon 40% water 

restriction.  Nine rats were euthanized, and inner medullary tissues prepared in accord with 

study protocol (12).  The rats were euthanized with CO2.  Each kidney was perfused with PBS 

via the aorta.  Urine was removed from the bladder, when present, and osmolality was 

measured by Wescor vapor osmometer (Table 2). 

The medulla was separated from the cortex, and the inner medulla was dissected on 

ice, fixed in PLP for 24 hours at 4° C, dehydrated with ETOH, immersed in a solution of Spurr 

epoxy resin and ethanol (1:1) for 16 hr at 24° C, then in 100% Spurr for 48 hr (4° C), and finally 

in 100% Spurr (24 hr at 60° C).  Tissue samples were submitted for sectioning into 1 µm thick 

transverse sections cut at 1000 µm intervals throughout the corticopapillary axis.  Papilla 

lengths were recorded.  

Immunohistochemistry - Immunohistochemistry was performed in accordance with 

study protocol (12) on N=6 each of prepared tissue samples of Spurr’s Kangaroo rat and 

Sprague-Dawley control rat and Sprague-Dawley water-restricted rat inner medulla.  An 

etching solution of pulverized sodium hydroxide (0.5 g), ethanol (5 mL), and propylene oxide (5 

mL) was stirred for a minimum of ten minutes and applied to the slides for three-minute’s 

incubation at room temperature.  Slides were immersed immediately for one minute in a Coplin 

jar filled with 90% ethanol.  This immersion was followed by three rinses with DDH2O in a 
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Coplin jar.  After removal from the Coplin jar, the slides were blotted onto a paper towel and 

wax borders were applied to the slides with a pap pen.  A solution of PBS/0.2% triton was 

applied to the slides for two-minute’s incubation, followed by one five-minute incubation with a 

1% SDS in PBS solution.  A set of three consecutive five-minute washes with PBS/0.2% triton 

were each performed on the slides. 

 The slides were placed on a damp paper towel in an amber slide incubation box, which 

was designed to minimize light exposure without additional wrapping.   A 50-µL BDT solution 

comprised of 5% BSA, 22.8% 2x PBS, 53.2% 1x PBS, 1% donkey serum, and 0.2% triton was 

applied to each of the slides.  The slides were left to incubate for ten minutes in the amber 

slide incubation box.  To the slides was applied a 50-µL solution consisting of primary 

antibodies in BDT.  The primary antibodies utilized were AQP1 mouse host (1:100, source:  

Abcam) and AQP2 goat host (1:100 dilution, source: Santa Cruz).  The slides were placed in 

an amber slide incubation box on a rocking table in a cold room for twenty-four hours at (4°C). 

 The slides were removed from the amber slide incubation box and were subjected to 

three five-minute washes of PBS/0.2% triton, after which the slides were returned to a  newly-

prepared amber slide incubation box.  To the slides was applied a 50-µL solution consisting of 

secondary antibodies in BDT solution.  The secondary antibodies utilized were donkey α goat 

Alexa 350/DAPI (1:100 dilution, source: Invitrogen), donkey α mouse 568/TRITC (1:100 

dilution, source:  Invitrogen), and wheat germ agglutinin/FITC (1:25 dilution, source: Vector 

Labs).  The later solution, wheat agglutinin, is a primary solution applied at the time of 

secondary application for general tissue staining.  The slides were incubated in the amber slide 

incubation box, was placed in a drawer, and left undisturbed for two hours at room 

temperature. 
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 The slides were removed from the amber slide incubation box, and three final five-

minute washes, consisting of PBS/0.2% triton, were completed.  A fluorescent mounting 

medium (source:  Immunolab) was used to coverslip the slides.  The slides were examined for 

inconsistencies (air trapping, debris, etc.) under microscopy and allowed to rest and cure in a 

slide book at 4°C overnight. 

Imaging - Tissue samples were photographed at 60X magnification utilizing the Delta 

Vision epifluorescence microscope and imaged with Adobe Photoshop CS5 extended (version 

12.0 x64).  Images of transverse sections displayed AQP2 expression and were used to 

determine AQP2 expression levels as a function of brightness by taking readings of AQP2 

levels from within the basal and apical membranes of typical principal cells of the collecting 

duct along the corticipapillary axis from the inner/outer medullary border to the papilla tip.  

Images of representative AQP2 expression patterns for each level of each animal category are 

found under the discussion section.  

Measuring AQP2 expression - Fluorescent brightness was measured at basal and 

apical membranes in 40 square-pixel sections (1.75 µm 2) using Photoshop’s brightness filter.   

Brightness measurements were taken of a minimum of twenty-five typical principal cells’ basal 

and apical AQP2 membrane expressions to determine B:A ratio.  These consisted of two 

measurements for each principal cell, within each of the apical and the basal membranes.  

AQP2 expression levels within these membranes were measured at increasing 1000-µm 

depths from the inner-outer medullary boarder to the papilla tip.  For the kangaroo rat, in this 

study, this ranges from 0 µm to 5030 µm, while for the Sprague-Dawley this ranges from 0 µm 

to 4620 µm.   These lengths are consistent with 20% shrinkage in length due to tissue 

processing.       
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BASAL APICAL B/A 
DM004 

  14.1 13.1 1.08 
16.6 32.5 0.51 
21.1 35.3 0.60 
13.7 16.4 0.84 
13.8 24.8 0.56 

   
Figure 6: A sample of five KRCD principal cell measurements.   
                                            

Data collection - Individual principal cell data comprised of basal and apical membrane 

AQP2 expression was collected and tabulated in an excel spreadsheet and calculated to 

obtain B:A AQP2 expression ratios, example of kangaroo rat kidney #4 measurements at 

corticomedullary border, 0 µm, depicted above (Figure 6).  For each individual tissue sample, 

at each level, a median B:A ratio wascalculated,  along with standard deviation and standard 

error (Figures 8, 9, and 10).  Data were averaged at each of 1000-µm increasing depths along 

the corticopapillary axis from the inner-outer medullary border to the papilla tip for each 

category and are plotted (see Figures 7 through 11 in results).  The three categories 

investigated include the kangaroo rat (KR), the Sprague-Dawley control rat (SDC), and the 

Sprague-Dawley water restricted rat (SDWR).   

Results: 

 ANOVA Analysis – Anova determined the statistical significance of the data.  Raw data 

and calculated basal:apical expression ratios were tested for statistical significance using 

ANOVA Duncan two-way test results. Duncan test results, p=/<.05 are considered statistically 

significant. 

B:A expression ratios for the kangaroo rat mostly increased throughout the trajectory 

from the inner/outer medullary border to the papillary tip along the corticopapillary axis with a 

mean of 0.71 +/- 0.07 at 0 microns, 1.23 +/- 0.11 at 1000 microns below, 1.46 +/- 0.19 at 2000 

microns below, 1.18 +/- 0.03 at 3000 microns below, 1.40 +/- 0.18 at 4000 microns below and 
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1.51 +/- 0.14 at the papillary tip (Figure 8).  In comparing IMCD3 to IMCD1, there is a 40% 

increase in the AQP2 B:A expression ratios.  From the inner/outer medullary border to the 

papillary tip there is more than two-fold AQP2 B:A expression at the papillary tip (1.51 +/- 0.14) 

as compared to the inner/outer medullary border (0.71 +/- 0.07).  There is observed at 2000 

microns below a spike in the AQP2 B:A expression ratio. 

 B:A expression ratios for the Sprague-Dawley control rat increased throughout the 

trajectory from the inner/outer medullary border to the papillary tip along the corticopapillary 

axis with the mean of 0.46 +/- 0.03 at 0 microns, 0.62 +/- 0.04 at 1000 microns below, 0.65 +/- 

0.04 at 2000 microns below, 0.80 +/- 0.05 at 3000 microns below, 0.88 +/-0.22 at 4000 

microns below and 1.08 +/-0.04 at the papillary tip (Figure 9).  In comparing IMCD3 to IMCD1, 

there is a 39% increase between the AQP2 B:A expression ratios.  From the inner/outer 

medullary border to the papillary tip, there is more than two-fold AQP2 B:A expression at the 

papillary tip (1.08 +/- 0.04) as compared to the inner/outer medullary border (0.46 +/- 0.03).  

There is observed a linear increase in the AQP2 B:A ratio throughout the trajectory. 

 The B:A expression ratio of the Sprague-Dawley water-restricted rat mostly increases 

throughout the trajectory from the inner/outer medullary border to the papillary tip along the 

corticopapillary axis with a mean of 0.41 +/- 0.06 at 0 microns, 0.54 +/- 0.09 at 1000 microns 

below, 0.54 +/- 0.04 at 2000 microns below, 0.64 +/- 0.05 at 3000 microns below, 0.54 +/- 0.02 

at 4000 microns below and 0.77 +/- 0.08 at the papillary tip (Figure 10).  In comparing IMCD3 

to IMCD1, there is a 20% increase between the AQP2 B:A expression ratios.  From the 

inner/outer medullary border to the papillary tip, there is roughly a two-fold AQP2 B:A 

expression at the papillary tip (0.77 +/- 0.08) as compared to the inner/outer medullary border 
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(0.41 +/- 0.06).  There is observed at 1000 microns below, a spike in the AQP2 B:A expression 

ratio. 

 Images captured at each level for each tissue type is demonstrated to correspond to the 

quantified AQP2 B:A expression ratios and are depicted throughout Figures 12 through 17.  

Below each image is listed the corresponding AQP2 B:A ratio for comparison.  

 For the Sprague-Dawley water-restricted rat, rises in basal contribution to total 

expression and reduction in apical contribution to total expression throughout the trajectory 

from the inner/outer medullary border to the papillary tip resulted in increasing AQP2 B:A 

ratios, but are deemed statistically insignificant per the Duncan test (Figure 18).   

Urine osmolality (mOsmol/kg water 
 

     KR  SDC  SDWR 
Mean   3981  1824  2219 
N   2  1  3 

Table 2:  Kangaroo rat urine osmolality is about two-fold higher than the Sprague-Dawley control.  Sprague-
Dawley water-restricted urine osmolality is about 22% higher than Sprague-Dawley control. 
 

 
 

Figure 7:  Basal to apical aquaporin 2 expression ratios as measured in the first and last third of the collecting 
duct below the inner/outer medullary border along the corticopapillary axis.  
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KR 0µm 1000µm 2000µm 3000µm 4000µm TIP 
DM001 0.89 1.08 1.08 1.26 1.46 1.88 
DM002 0.59 1.11 1.23 1.13 1.78 1.86 
DM003 0.48 1.29 1.46 1.15   1.4 
DM004 0.68 1.21 1.08 1.27 1.01 1.53 
DM005 0.81 1.67 2.12 1.13   1.08 
DM006 0.8 1.01 1.78 1.16 1.33 1.33 
MEAN 0.71 1.23 1.46 1.18 1.40 1.51 
SD 0.15 0.24 0.42 0.06 0.32 0.31 
SE 0.07 0.11 0.19 0.03 0.18 0.14 
N 6.00 6.00 6.00 6.00 4.00 6.00 

 
Figure 8:  Kangaroo rat basal-to-apical AQP2 expression ratios were determined for each kidney at increasing 
depths beginning at the inner/outer medullary border (0 µm) to the papilla tip along the corticopapillary axis in the 
table above.  Due to Excel program constrictions, the tip is labeled 5000 in the corresponding chart.  
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SDC 0µm 1000µm 2000µm 3000µm 4000µm TIP 
SD001 0.48 0.69 0.81 0.9 

 
1.22 

SD002 0.57 0.7 0.7 0.8 1.03 1.03 
SD003 0.44 0.61 0.55 0.95 

 
1.15 

SD004 0.42 0.68 0.64 0.67 
 

0.94 
SD005 0.47 0.49 0.63 0.76 

 
1.05 

SD006 0.39 0.52 0.55 0.74 0.72 1.07 
MEAN 0.46 0.62 0.65 0.80 0.88 1.08 
SD 0.06 0.09 0.10 0.10 0.22 0.10 
SE 0.03 0.04 0.04 0.05 0.22 0.04 
N 6.00 6.00 6.00 6.00 2.00 6.00 

 
Figure 9: Sprague-Dawley control basal-to-apical AQP2 expression ratios were determined for each kidney at 
increasing depths beginning at the inner/outer medullary border (0 µm) to the papilla tip along the corticopapillary 
axis in the table above.  Due to spreadsheet program constrictions, the tip is labeled 5000 in the corresponding 
chart.  
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SDWR 0µm 1000µm 2000µm 3000µm 4000µm TIP 
SD001 0.67 0.43 0.59 0.55   0.75 
SD002 0.31 0.36 0.46 0.59   0.76 
SD003 0.38 0.48 0.61 0.48 0.50 0.91 
SD004 0.42 0.89 0.64 0.71   1.02 
SD005 0.31 0.65 0.53 0.8 0.56 0.58 
SD006 0.36 0.4 0.4 0.73 0.55 0.58 
MEAN 0.41 0.54 0.54 0.64 0.54 0.77 
SD 0.13 0.20 0.09 0.12 0.03 0.18 
SE 0.06 0.09 0.04 0.05 0.02 0.08 
N 6.00 6.00 6.00 6.00 3.00 6.00 

 
Figure 10: Sprague-Dawley water-restricted rat basal-to-apical AQP2 expression ratios were determined for each 
kidney at increasing depths beginning at the inner/outer medullary border (0 µm) to the papilla tip along the 
corticopapillary axis in the table above.  Due to spreadsheet program constrictions, the tip is labeled 5000 in the 
corresponding chart.  
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Figure 11: Although in this study we do not quantify AQP2, brightness measurements at basal and apical 
membranes are correlated with expression levels, and their relative relationship demonstrated.  Above, a 
comparison of mean basal/apical AQP2 expression ratio values of the kangaroo rat, the Sprague-Dawley control 
and the Sprague-Dawley water-restricted. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
Figure 12.  Images and basal-to-apical aquaporin 2 expression ratios of the kangaroo rat (DM), the Sprague-
Dawley control rat (SD) and Sprague Dawley water-restricted rat (SDWR) at the inner/outer medullary border.  
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Figure 13.  Images and basal-to-apical aquaporin 2 expression ratios of the kangaroo rat (DM), the Sprague-
Dawley control rat (SD) and Sprague Dawley water-restricted rat (SDWR) at 1000 µm below the inner/outer 
medullary border.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14.  Images and basal-to-apical aquaporin 2 expression ratios of the kangaroo rat (DM), the Sprague-
Dawley control rat (SD) and Sprague Dawley water-restricted rat (SDWR) at 2000 µm below the inner/outer 
medullary border.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15.  Images and basal-to-apical aquaporin 2 expression ratios of the kangaroo rat (DM), the Sprague-
Dawley control rat (SD) and Sprague Dawley water-restricted rat (SDWR) at 3000 µm below the inner/outer 
medullary border.  
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Figure 16.  Images and basal-to-apical aquaporin 2 expression ratios of the kangaroo rat (DM), the Sprague-
Dawley control rat (SD) and Sprague Dawley water-restricted rat (SDWR) at 4000 µm below the inner/outer 
medullary border.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17.  Images and basal-to-apical aquaporin 2 expression ratios of the kangaroo rat (DM), the Sprague-
Dawley control rat (SD) and Sprague Dawley water-restricted rat (SDWR) at the papillary tip.  
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SD Water Restricted 
          Basal and Apical % Contribution to Total APQ2 Brightness Measured 

    
           RECAP 0 1000 2000 3000 4000 5000 MEAN SD SE N 
SD001 

          Basal 14.5 16.4 14.3 14.8 
 

18.0 15.6 1.56 0.78 5 
Apical 22.3 41.5 26.1 27.7 

 
26.6 28.8 7.34 3.67 5 

SD002 
          Basal 24.7 15.9 15.1 13.6 

 
18.2 17.5 4.36 2.18 5 

Apical 91.2 50.3 35.3 24.0 
 

25.8 45.3 27.70 13.85 5 
SD003 

          Basal 19.0 23.3 16.4 15.0 18.1 18.1 18.3 2.84 1.27 6 
Apical 57.3 50.6 30.7 36.5 41.8 20.4 39.5 13.41 6.00 6 

SD004 
          Basal 15.7 14.5 14.8 15.5 

 
21.5 16.4 2.91 1.45 5 

Apical 40.6 17.7 26.3 25.9 
 

21.7 26.4 8.66 4.33 5 
SD005 

          Basal 26.2 19.1 16.1 15.6 13.4 15.8 17.7 4.55 2.03 6 
Apical 88.9 35.8 32.6 20.4 24.8 22.9 37.6 25.81 11.54 6 

SD006 
          Basal 42.8 22.9 21.6 13.5 14.3 15.9 21.8 10.96 4.90 6 

Apical 120.3 59.3 60.9 19.3 27.2 28.8 52.6 37.47 16.76 6 

           Total Basal Contribution 0.25 0.31 0.32 0.36 0.33 0.42 0.33 0.06 0.03 6 
Total Apical Contribution 0.75 0.69 0.68 0.64 0.67 0.58 0.67 0.06 0.03 6 
B/A 0.38 0.49 0.49 0.60 0.50 0.75 0.53 0.13 0.06 6 

 

 
 
Figure 18:    Increases in basal contribution to total and decreases in apical contribution to total, as depicted by 
correlating trendlines above, contribute overall to increasing AQP2 B:A expression ratios, but are deemed 
statistically insignificant per the Duncan test.  Due to spreadsheet program constrictions, the tip is labeled 5000 in 
the corresponding chart.  
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Discussion: 

That AQP2 contributes to the urine concentration mechanism and water reabsorption is 

certain, although its specific role remains relatively little understood.  This is further 

confounded by prospectively-different functions of AQP2 at the apical and the basal 

membranes.  Previous studies have shown that vasopressin increases IMCD transepithelial 

water permeability (13), with apical AQP2 considered the rate-limiting condition, (7).  A recent 

study (17), however, demonstrated translocation of the AQP2 protein to the basal membrane 

in Madin-Darby canine kidney cells of inner medullary collecting ducts in vivo resulting from 

long-term hypertonicity after acute forskolin stimulation, precisely at a point when water-

reabsorption is most necessary and critical.  The latter is seemingly inconsistent with the 

known water-reabsorptive role of AQP2.  With a naturally highly-osmolar-urine producing 

animal model available locally, the kangaroo rat, our initial study compared this to a 

moderately-producing animal, the Sprague-Dawley, a common laboratory rat.  We later 

expanded the study to investigate the basal:apical presence of AQP2 under the effect of water-

restriction upon the moderately-concentrating animal.   Seventy-three-hour water restriction 

was designed to simulate in our model the long-term hypertonic state achieved in MDCK cells 

after forskolin stimulation.  

Relative to the MDCK cell study, we found that fluorescence provided a unique and 

controlled experimental method for examining the relationship between basal and apical AQP2 

expression (17).  Although in this study we do not quantify AQP2, brightness measurements at 

the basal and apical membranes are correlated with the expression levels and their 

relationship is demonstrated.   
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AQP2 fluorescence brightness was measured at basal and apical membranes to 

determine the B:A ratio. Comparing Sprague-Dawley control to Sprague-Dawley water-

restricted revealed statistically-insignificant differences at the inner/outer medullary border.  

The relative rise in AQP2 B:A expression from the inner/outer medullary border to the papillary 

tip was 25% higher in the Sprague-Dawley control than in the Sprague-Dawley water-restricted 

rat (Figure 11).  For the kangaroo rat, the relative rise of 113% at the papillary tip over the 

inner/outer medullary border is 30% greater than the relative rise of 87% of the Sprague-

Dawley water-restricted rat.   

In all animals, except as denoted in the Results section, there were no statistically-

significant changes in the expression levels of AQP2 for basal or apical membranes in moving 

from one level to the next.  Increases in basal contribution to total and decreases in apical 

contribution to total, result in overall increasing AQP2 B:A expression ratios however. 

 

Figure 19:  Urine is concentrated, in part, by generation within the medulla, of an osmotic gradient consisting 
primarily of NaCl and urea.  Above are shown typical interstitial osmolalities for deepening renal segments of a 
moderately-concentrating rat.  Photo source: courtesy: Dantzler.  
 

The kangaroo rat’s highly-osmolar urine production corresponds with its higher AQP2 

B:A expression ratio throughout the trajectory and is hypothesized to be the result of higher 

osmomechanical stress.  We have extended observations of Van Balkom, et al., (16) that 

hypertonicity, more so than osmolality, may contribute to the membrane presence of AQP2 in 
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CD principal cells (Figure 19).  A relatively smaller but steady increase in Sprague-Dawley 

water-restricted rat AQP2 B:A expression ratios throughout the trajectory when compared to 

control may be the result of reduced hypertonicity.   AQP2 may be translocated from the 

cytoplasm to the apical and basal membranes as needed to regulate and achieve maximal 

water-reabsorption when water-restriction demands.    A smaller net difference in tonicity of the 

Sprague-Dawley water restricted rat translates to less osmomechanical stress and less 

translocation of AQP2 to the basal membrane in accord with our study findings. 

Study Limitations: 

One limitation of the study to consider is AQP2’s phosphorylation state. Moeller (9) 

found that AQP2 is in its active state when it is phosphorylated. “Vasopressin regulates 

phosphorylation of AQP2 at four conserved serine residues at the COOH-terminal tail.”  While 

AQP2 expression is correlated to brightness measures, in this study this measure indicates the 

presence of the protein, regardless of its activation state.  Another study limitation may be 

methods, specifically, cold-shock induced AQP2 translocation.  In a study by Yui 2013 (17), 

temperatures below the physiological range upon tissues prepared for AQP2 investigation 

demonstrate transcytotic effects:   

“Immunofluorescence showed that AQP2 is strongly accumulated in the 

basolateral membrane, along with the endocytic protein clathrin, after a brief cold 

shock (4°C).  This suggests that AQP2 may be constitutively targeted to 

basolateral membranes and then retrieved by clathrin-mediated endocytosis at 

physiological temperatures…Our data suggest that the cold shock procedure 

reveals the presence of microtubule-dependent AQP2 transcytosis, which 

represents an indirect pathway of apical AQP2 delivery in these cells. 
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Furthermore, our data indicate that protein polarity data obtained from 

biotinylation assays, which require cells to be cooled to 4°C during the labeling 

procedure, should be interpreted with caution,” (17).   

Our methods include cold perfusion and dissection upon ice, which may contribute to polarity 

data. 

Conclusions: 

1. The collecting duct basal/apical membrane AQP2 expression ratio increases with depth 

below the inner/outer medullary border in the Sprague-Dawley and kangaroo rat. 

Compared to IMCD1, in the terminal (distal) third of the inner medulla (IMCD3), 

kangaroo rat AQP2 expression ratio of 1.36 represents a 40% increase over IMCD1; 

whereas in the Sprague-Dawley the expression ratios are 0.54 and 0.93 respectively 

and represent a 39% increase over IMCD1.   In the Sprague-Dawley water-restricted, 

expression ratios are 0.47 and 0.67 respectively, and represent a 20% increase. 

2. Although basal Pf of IMCD3 is greater than IMCD1 Pf and AVP-dependent Pf is nearly 

equal in both segments, the basal/apical AQP2 expression is substantially higher in 

IMCD3 (13).  

3. The higher collecting duct basal/apical membrane AQP2 expression ratio of kangaroo 

rat correlates with hypertonicity and higher urine osmolality. 

4. A relatively smaller increase in Sprague-Dawley water-restricted rat AQP2 B:A 

expression ratios throughout the trajectory when compared to control may be the result 

of reduced osmomechanical stress (16). 

5. Increasing B:A AQP2 expression ratios from the inner/outer medullary border to the 

papillary tip suggest an increasing role for AQP2 at the basal membrane.  Although 
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apical AQP2 is considered the rate-limiting transepithelial fluid reabsorptive pathway (7), 

our data suggest a more significant role for basolateral AQP2 than is presently realized. 

Future direction: 

The rate-limiting condition to water reabsorption in the mammalian collecting duct is 

considered the apical expression of AQP2.  Cumulative results of our previous research in rats 

indicate, however, that in the presence of highly-osmolar urine, AQP2 expression on the basal 

and lateral membranes is even more-highly expressed.  A future study, therefore, will explore 

the role of AQP2 relative to these findings.  Previous studies indicate that in addition to water 

homeostasis, AQP2 is responsible for renal epithelial cell migration that promotes the integrity 

of renal tubules and kidney function (5).  AQP2 modulates trafficking and endocytosis of 

integrin beta 1.  When AQP2 is absent, integrin beta 1remain at the cell surface, and defective 

tubulogenesis is observed.   We hypothesize that in rats with highly-osmolar urine, the 1.5-fold 

presence of basal-to-apical AQP2 expression as compared to moderately-concentrating rats 

may be related to its role in tubulogenesis and kidney function maintenance.  By visualizing 

beta 1 integrin in highly-osmolar and moderately-producing  animals, the tubulogenic role of 

aquaporin 2 and its contribution to water reabsorption can be explored in these rat models. 
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	The renal tubule can be considered in five parts (Figure 3, above):  the proximal convoluted tubule, three distinct segments of the loop of Henle, and the distal convoluted tubule.  After leaving Bowman’s capsule, the filtrate next passes through the ...
	The ascending thin limb (ATL) of the loop of Henle reabsorbs solute.  This action is promoted by an osmotic gradient created by the DTL in a phenomenon referred to as countercurrent multiplication.  Vasa recta (peritubular capillaries) perfuse kidney ...



