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Abstract 

The kangaroo rat (Dipodomys merriami), a desert rodent, is able to concentrate its urine 

to more than 6,000 mosmol/kg water, nearly twice that of the SD rat, allowing the species 

to adapt in a dry environment. We hypothesize that active sodium reabsorption in the 

thick ascending limb (TAL) of the kangaroo rat outer medulla (OM) is greater than that 

of the SD rat, and plays a critical role in generating a steeper corticopapillary osmotic 

gradient. The OM was dissected and prepared for semi-quantitative western blotting. We 

measured a four-fold greater abundance of Na,K-ATPase α-1 subunit protein (NKA- α1) 

(n=5, p<0.0001) and nearly two-fold greater abundance of NKCC2 cotransporter and 

NHE3 protein expression in OM homogenates of kangaroo rat compared to SD rat (n=3, 

p<0.01). Three-day water restriction in SD rat (water reduced to 40% of normal 

consumption) did not significantly affect NKA- α1, NKCC2 and NHE3 expression (n=3, 

p>0.1). Na,K-ATPase (NKA) activity was measured as the difference in ATP hydrolyzed 

in the absence and presence of ouabain, as determined by measuring release of inorganic 

phosphate (Pi). OM NKA activity in kangaroo rat was significantly higher than in control 

SD rat, 7778 ± 973 and 4886 ± 296 nmoles ATP hydrolyzed/mg protein/30 min 

respectively (n=3). However, the volume of mitochondria per unit inner stripe TAL cell 

volume is identical in both species. We conclude that the greater urine concentrating 

ability in kangaroo rat compared to the SD rat is associated with greater expression of 

active sodium transport proteins and higher NKA activity, which increases sodium 

reabsorption in the TAL of the OM.  
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Introduction 

 The renal system serves several major roles in the body with the presence of 

kidneys as the primary organ. In addition to being a hormone-producing organ, the 

kidneys filter waste from the blood and excrete it in the form of urine. The unique 

anatomy of the kidneys allows them to maintain fluid and electrolyte homeostasis by the 

means of three processes—glomerular filtration, tubule secretion and tubule reabsorption. 

These three processes that result in urine formation and concentration occur in the 

nephron, the functional unit of the kidney (Boron and Boulpaep). 

 There are two different types of nephrons—cortical nephron and juxtamedullary 

nephron (Figure 1). The majority of nephrons in the kidneys are cortical nephrons, in 

which the glomeruli are located in the outer cortex while short loops of Henle only 

extend to the outer medulla. The juxtamedullary nephron, which we examined in our 

studies, consist of glomeruli located in the inner part of the cortex while long loops of 

Henle continue deep into the medulla, some as far as to the papilla. The long loop of 

Henle, characteristic of the juxtamedullary nephron, generates a hyperosmolar gradient 

that allows for greater concentration of urine, essential for water conservation. 

 To understand the creation of the hyperosmolar gradient, we will track the 

movement of fluid to kidney. The afferent arteriole carries blood to the glomerulus, 

which functions as the initial filtering site. From the glomerulus, blood plasma enters the 

Bowman’s capsule and the remaining filtrate flows into the proximal tubule. Critical 

reabsorption of ions, water and nutrients occurs here at the proximal tubule. The filtrate 

then travels to the descending limb of the loop of Henle, which is highly permeable to 

water due to the abundance of aquaporin channels and is permeable to NaCl and urea. 
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Water is drawn out from the descending limb of the loop of Henle by osmosis, as the 

interstitial fluid is hyperosmotic to the filtrate. Filtrate then travels up to the ascending 

limb of the loop of Henle, which is highly permeable to ions due to the abundance of ion 

channels but is impermeable to water. The ascending limb consists of the thin ascending 

limb and thick ascending limb (TAL). In both sections, sodium chloride (NaCl) moves 

out of the tubule into the interstitial fluid, maintaining the steep osmolarity gradient. 

Passive transport of NaCl is observed in the thin ascending limb. Active transport of 

NaCl is observed particularly in the TAL due to sodium active transporters found within 

the TAL. Filtrate becomes more dilute as it travels to the distal tubule. The distal tubule 

regulates ion and pH levels by transporting K+, NaCl, H+ and HCO3
- ions. Finally, the 

collecting duct carries filtrate to the renal pelvis to be excreted out as urine (Reece et.al, 

984-986).  

 

Figure 1: Kidney diagram of the nephron, collecting duct and the renal circulatory 

system 

 Creation of the hyperosmolar gradient, which consists chiefly of NaCl and urea, 

can be explained by the countercurrent multiplier system, which raises the concentration 
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of NaCl from the cortex to the inner medulla (Figure 2). This process relies on 

transcellular and paracellular ion transport pathways occurring in the TAL. Na+, Cl- and 

K+ are transported into the cell from the lumen via the Na-K-Cl cotransporter 2 (NKCC2) 

and the Na-H+ exchanger 3 (NHE3) transporters found on the apical membrane and exits 

to the interstitium through the Na-K-ATPase (NKA) pump located on the basolateral 

membrane (refer to figure 3). As such, great expenditure of energy occurs at the TAL to 

maintain the steep osmotic gradient. Urea also plays a role in forming the high interstitial 

gradient by continuously leaking from the collecting duct.  

Figure 2: Model of countercurrent multiplication (Layton et.al 252) 
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Figure 3: Epithelial cell schematic of TAL 

At times of dehydration, mammals are able to produce urine with a substantially 

higher osmolality than that of blood plasma to maintain salt and water homeostasis. 

During urine concentration, high osmolality in tubular, vascular, and interstitial fluids 

along the cortico-medullary axis of the outer medulla (OM) is maintained by active NaCl 

transport. However, active transport and countercurrent flow do not fully explain the 

concentrating process in the inner medulla, where the osmotic gradient is the steepest, yet 

only relatively low levels of active transport are present (Pannabecker et.al 1272). A 

better knowledge of compartmentalization arising from structural relationships, 

regulation of fluid and solute flows, and the role of the interstitium and the papillary 

epithelium is critical for understanding the urine-concentrating mechanism (Urity et.al 

721).  

In this study, the kangaroo rat (KR) and the Sprague-Dawley (SD) are ideal 

models for comparison as the KR has an exceptional ability to concentrate its urine—

almost twice as much as the SD rat (Gottschalk et.al 119). To analyze the physiological 
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differences between both species, particularly what makes KR much more superior in its 

ability to conserve water and adapt to dry deserts, we examined the expression of outer 

medullary transporters NKA, NHE3 and NKCC2 with western blot using purified tissue 

lysate and/or isolated TAL. Since quantification of these transporters may not fully 

describe the phenomenon of urine concentration, we also measured OM NKA activity 

using a ATPase activity assay and calculated the volume of mitochondria per unit inner 

stripe TAL cell volume using digitized electron micrographs of TAL transverse sections. 

Together, these experiments allow for a qualitative and quantitative analysis of the role 

these transporters play during urine concentration.   

 

Methods 

Animal preparation: 

 Adult male SD rats were either provided with rat chow (Teklad 7001) and water 

ad libitum or were provided with rat chow ad libitum and were water-restricted (WR) for 

three days. For the latter, water intake was reduced to 40% of normal consumption for 

three days.  KRs were provided with Kay-Tee wild birdseed daily and no fluids, as in 

captivity they do not drink free water. They were also provided with one small leaf of 

spinach three times each week. Adult male KRs and SD rats were euthanized with carbon 

dioxide. The OM was dissected on ice and frozen in liquid nitrogen. The samples were 

stored in microfuge tubes at -80°C.  

 

 

 



	   10	  

Tissue preparation and protein BCA assay for tissue lysate: 

When ready for tissue lysate purification, samples were thawed. Cocktail protease 

inhibitors and isolation buffer were added to the samples. Samples were homogenized 

using Ultra Turrax T8 until solution is homogenous and then centrifuged at 5000 rpm at 

4°C for 15 minutes. The supernatant from centrifugation was collected and 

ultracentrifuged at 45000 rpm at 4°C for 45 minutes. The remaining pellet was vortexed 

in 200µL of isolation buffer and frozen in microfuge tube at -18°C. 

 Total protein concentration from the sample was compared to a protein standard 

using Pierce BCA protein assay kit. The concentration of protein in each sample was read 

using a VarioSkan Plate Reader.  

 

Tissue preparation for isolated TAL: 

 TALs were isolated in cold PBS under a stereomicroscope. Tissue was added to 

1.5µL microfuge tubes and immediately frozen at -80°C. Tissue was not frozen in liquid 

nitrogen. 

 

Western blot for purified tissue lysate and isolated TAL 

 8% or 12% SDS-PAGE gels were made on the day of experiment. For tissue 

lysate western blotting, 1µg of protein sample was mixed with DDT+5X SDS gel-loading 

buffer and heated at 60°C for 15 minutes. For isolated TAL western blotting, samples 

were thawed to room temperature and if necessary, combined to make up equal protein 

concentrations as measured by tubule length (in microns) during dissection. DDT+5X 

SDS gel-loading buffer were added to isolated TAL samples and heated at 37°C for 45 
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minutes. After heating, samples were loaded into the gel. Electrophoresis was run in cool 

conditions (on ice) at 110V for 15 minutes then 200V for 40 minutes until the samples 

reached the end of the gel.  

 

Transfer to nitrocellulose membrane: 

 Proteins in the gel were transferred to nitrocellulose using a wet transfer method. 

Gel and membrane were sandwiched between fiber pad and filter paper. The sandwich 

was clamped tightly and submerged into transfer buffer. The transfer was then run at 

120V for an hour under cold conditions (on ice). The nitrocellulose membrane was 

removed upon completion of transfer and placed in a black li-cor box. PBS was added to 

wash the nitrocellulose membrane for 5 minutes.  

 

Immunoblotting: 

 After transfer, the membranes were blocked in AquaBlock for 1 hour at room 

temperature and then incubated with the following primary antibodies: antibody 1: 

monoclonal Na,K-ATPase alpha subunit antibody (Sigma, 1:500); antibody 2: 

monoclonal isoform NHE3 antibody (Millipore, 1:200); or antibody 3: NKCC2 antibody 

(Dr. Pablo Ortiz, Henry Ford Hospital, 1:20000); and monoclonal β-Actin antibody 

(Santa Cruz Biotechnology, 1: 200)  in blocking buffer overnight at 4⁰C. The membrane 

was washed with TTBS and incubated for 1 hour at 4°C with secondary antibody against 

the appropriate IgG. The fluorescent secondary antibodies used were 800nm goat anti-

mouse (1:20000) and 700nm goat anti-rabbit (1:10000) from LI-COR Biosciences. The 

nitrocellulose membrane was washed with TTBS after incubation and submerged in PBS.  
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Imaging and Quantification: 

 The Odyssey Infrared Imaging System was used to visualize the expression of 

protein of interest on the nitrocellulose membrane at 700nm or 800nm wavelength. For 

quantification, the Odyssey 2.1 program was used to determine the relative concentration 

of protein measured by the pixel intensity of each band. Protein bands of interest were 

normalized either by comparison to the thickness of the β-actin band for tissue lysate blot 

or by lengths of TAL for isolated TAL blots. Average intensity, standard deviation, 

standard error and p-value were calculated for the values exported from the Odyssey 

program.  

 

ATPase Activity Assay: 

To prepare the OM tissue for assay, 2X ATPase buffer was added to the sample 

and it was homogenized on ice using a sonicator. Mixture was centrifuged at 2°C at 

13000xg for 30 minutes. The protein in the supernatant was collected and measured using 

the micro BCA assay (Thermo Scientific). 150ug of the protein were transferred for each 

assay tube in duplicate, one for ouabain treatment group and another for minus ouabain 

treatment group. To complete tissue preparation, 2X ATPase assay buffer (to make 

200µL solution), 80µL of 200mM histidine and 5µL alamethicin and 70µL ice water were 

added to each tube. Ouabain (3 mM) was added to the tubes designated for ouabain 

treatment group. All tubes were first incubated in a water bath at 37.5°C for 5 minutes 

and then for 30 minutes following the addition of 40µL of 20mM ATP solution. 

Incubation was done in the dark. 150µL of 15% TCA was added to each tube to stop the 

reaction and the tubes were placed on ice for 20 minutes to complete the precipitation of 
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protein in the solution. Samples were then centrifuged at 4000 rpm for 15 minutes in a 

refrigerated centrifuge machine. 400µL of 4% FeSO4 solution was added to standards (0, 

10, 50, 100, 200, and 500nmoles of PO4), unknown samples and four blank tubes. Using 

a 96-well plate, 250µL of each standard and sample were added to each well and its 

absorbance was read immediately at 750nm using a Perkin Elmer Victor V-3 plate reader. 

(Shahidullah and Kris) 

  

Measurement of Volume of Mitochondria per unit inner stripe TAL cell volume: 

Mitochondria density was calculated as the total mitochondria area divided by the 

total intracellular area, including nuclei, in digitized electron micrographs of TAL 

transverse sections (2650x) obtained from the inner stripe. Nuclear area was 0.4% of 

intracellular area on average for both species. 

 

 
 
 
Results 
 

Urine Osmolality (mOsmol/kg water) 
KR SDWR SD Control 

4151 ± 89 1950 ± 161 1234 ±	  65 
 
Figure 4: Urine osmolality of KR, SDWR and SD Control. KR urine osmolality is about 
two times that of SDWR (SD water restricted) and about 3 times that of SD control.  
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Figure 5: Western blots of OM tissue lysate. NKA (I), NHE3 (II), and NKCC2 (III) bands 
were thickest in KR and relatively similar between SDWR (SD water restricted) and SD 
control.  
 

 

	  	  	  	  	  **	  
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Figure 6: Quantification of protein expression in tissue lysate on western blot. NKA, 
NHE3 and NKCC2 relative band intensity was significantly higher in KR than SDWR and 
SD control.  β-Actin was used as a loading standard for normalization.  
** indicates a significant difference from control p<0.01. 
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Figure 7: OM NKA activity measured with ATPase activity assay. NKA activity in KR 
was significantly higher than in SD rat (Kris). 
 

 

 
 

 
Figure 8: SD rat (left) and KR rat (right) electron micrographs of TAL transverse 
section outlining mitochondria, lumen and cell membrane. In both SD and KR rat, 
mitochondria were observed to occupy the majority of cell volume. 
 

0 

2000 

4000 

6000 

8000 

10000 

12000 

14000 

SD rat (n=5)  KR (n=5) 

nm
ol

es
 N

a-
K

-A
TP

as
e/

m
g 

pr
ot

ei
n/

30
 m

in
 

NKA Activity 



	   17	  

 

Mitochondria Density 

Animal 
Body Weight 
(mean ± SE) 

Kidney Weight 
(mean ± SE) 

Mitochondrial Density 
(mean ± SE) 

KR 
41.25 ± 7.00 g 

(n=2) 
0.24 ± 0.01 g 

(n=4) 0.42 ± 0.02 (n=5) 

SD 
247.1 ± 1.27 g 

(n=2) 
1.08 ± 0.05 g 

(n=4) 0.35 ± 0.07 (n=5) 
 
Figure 9: Mitochondria density from digitized electron micrographs of TAL.  
Mitochondria density was not significantly different between KR and SD rat.  
 
 

 

Figure 10: Western blot of isolated TALs. NKA band is thicker in TALs from KR than in 
SD. Relative quantification was normalized by the total length of TAL segments applied 
to each well (approximately 1000microns per well).  
 
 

NKA	  
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 By quantifying the bands observed in tissue lysate western blot experiment 

(Figure 5 and 6), we found that in KR, NKA expression was about four-fold higher 

(p<0.0001), while NHE3 and NKCC2 expression levels were about two-fold higher when 

compared to SDWR and SD control rat (p<0.01) (n=5 for KR, n=3 for SDWR and SD 

control rat). Water-restriction for three days, with water consumption reduced to 40%, 

did not change OM protein expression levels of NKA, NHE3 and NKCC2 compared to 

control SD rats provided with water ad libitum (p>0.05). When the western blot was 

repeated on isolated TAL (Figure 10), we observed a similar pattern in which KR 

expressed significantly higher NKA than SD. OM NKA activity (Figure 7) in KR was 

significantly higher than in SD control rat, 7778 ± 973 and 4886 ± 296 nmoles ATP 

hydrolyzed/mg protein/30 min respectively (n=5). Despite higher expression and activity 

of NKA, we see no difference in mitochondria density between KR and SD control rat 

(Figure 8 and 9).  

 

Discussion 

 NKA, NHE3 and NKCC2 play a major role in transporting sodium from the 

lumen to the interstitium of TAL. We hypothesized that active sodium reabsorption in the 

TAL of KR, as mediated by these sodium transporters, is greater than that of the SD rat in 

order for KR to generate much more concentrated urine. First, we studied OM NKA, 

NHE3 and NKCC2 expression using purified tissue lysate. Western blot analysis showed 

that NKA, NHE3 and NKCC2 expression were significantly greater in KR than in SD rat 

(p<0.01) (n=5 for KR, n=3 for SD rat). NKA expression, which was hypothesized to play 

the biggest role in TAL sodium reabsorption, was four-fold higher in KR than in SD rat 
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(p<0.0001). To confirm, we measured the activity of NKA as the difference in ATP 

hydrolyzed in the absence and presence of ouabain, as determined by measuring release 

of Pi. As expected, the NKA activity was significantly greater in KR than in SD rat. We 

further analyzed NKA expression in isolated TAL and found much higher NKA 

expression in single TAL of KR when compared to SD rat. These experimental data 

supported our hypothesis that active sodium reabsorption is greater in the TAL of KR 

than in that of SD rat. 

In theory, much more energy is needed to fuel active transport of sodium across 

the cell of KR TALs since we observed both greater expression and activity of NKA in 

KR. However, mitochondria density in both species was the same. We hypothesize that 

mitochondria activity may be different despite similar mitochondria density. Future 

studies should be carried out to determine the mitochondria activity in both species.   

Besides studying mitochondria activity, future studies on hormonal regulation of 

protein activity by vasopressin should be conducted to further confirm our findings of 

NKA activity. It is possible that deactivation of vasopressin hormone may have occurred 

during the time of euthanasia of the rat to the preservation of tissue samples, thus 

affecting the results we saw in NKA activity assay (Tamara).  

Overall, we believe that our data provide evidence that active sodium reabsorption 

is significantly greater in the KR when compared to SD rat models, thus contributing to a 

steeper corticopapillary osmotic gradient, an adaptation that is crucial for KR survival in 

dry deserts. 
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