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Abstract  

 

Antidiuretic hormone (ADH) is known to signal the implantation of aquaporin-2 

channels (AQP2) in the collecting duct by stimulating the vasopressin-2 receptor (V2 

receptor).  The kangaroo rat (Dipodomys merriami), unlike all other rodents, produces 

small amounts of highly concentrated urine, allowing it to adapt in dry environments.  

High amounts of ADH are always present in its circulatory system, which may ultimately 

contribute to its water-retaining capabilities.  However, the possible effects induced from 

large amounts of ADH may be limited to the amounts of V2 receptors present.  Western 

blot analyses were conducted in order to determine the V2 receptor and AQP2 densities 

in each of the kidney regions of the kangaroo rat.  The results display high amounts of V2 

receptors in the cortex, moderate levels in the outer medulla, and small traces in the inner 

medulla.  However, AQP2 bands were highly evident in the inner medulla, moderate in 

the outer medulla, and blurred in the cortex.  The distribution of these targeted proteins 

may contribute to the unique urine concentrating mechanisms found in the kangaroo rat 

kidney. 

 

Background Information 

 

 There are many organ systems that are required in order to allow an animal to 

continue surviving.  Organs are categorized within an organ system based on the idea that 
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it contributes to an outcome that is fulfilled by a set of organs. However, the 

performances of one system mutually benefit every other existing system in the body.  

The renal system easily presents an example of this phenomenon.  Although its primary 

objective is to create and excrete urine, it also regulates the amount of water absorbed and 

added into the circulatory system. 

  

The Nephron 

 

The kidneys are the primary organs within the renal system.  Within each kidney, 

there are a vast number of functional units called nephrons.  These structures uphold the 

mechanisms responsible for urine concentration and water reabsorption (Figure 1) (7).   

 

Within each nephron, there are many segments that perform a vital task in 

producing, regulating, and secreting adequate urine.  Blood entering from the renal artery 

first encounters the glomerulus (G). The glomerulus filters out a wide variety of 

substances, but inhibits the filtration of large proteins and formed elements.  The filtrate 
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then travels through the proximal convoluted tubule (PCT).  Glucose, vitamins, amino 

acids, water, sodium chloride, potassium, and bicarbonate are reabsorbed in this segment; 

ammonia and hydrogen protons are secreted into the tubule.  The product then travels 

through a large passage called the loop of Henle.  The loop of Henle is comprised of four 

segments: the thick descending limb, the thin descending limb, the thin ascending limb, 

and the thick ascending limb.  The thick and thin descending limbs are highly permeable 

to water, while the thin and thick ascending limbs reabsorb certain ions, including sodium 

and chloride.  The liquid then enters the distal convoluted tubule (DCT) where sodium, 

water, and bicarbonate once again are reabsorbed, and potassium and hydrogen protons 

are secreted.  Finally, the fluid enters the collecting duct (CD), where urea and water are 

reabsorbed.  The final urine product then is secreted through the renal papilla. 

 Each segment expresses various types of protein channels and receptors.  Some 

contribute to the urine concentrating mechanism established within the nephron; 

however, each membrane protein is uniquely present in certain segments.  For example, 

aquaporin-1 (AQP1), a protein channel specialized in transporting water, is located on the 

proximal tubule and the descending thin limb, while aquaporin-2 (AQP2) is mainly found 

in the collecting duct (14).  Urea transporter isoforms A1 (UT-A1) and A3 (UT-A3) are 

also located on the collecting duct, while urea transporter A2 (UT-A2) resides more on 

the descending thin limbs of certain nephrons (17).  Chloride channels are also found in 

the thin ascending limb of the loop of Henle (ClC-K1) as well as the thick ascending limb 

of the loop of Henle and the distal convoluted tubule (ClC-K2) (18).  Although these 

proteins are on different segments, they still contribute to the mechanics of the counter-

current exchange, a mechanism upheld mainly by the loop of Henle, the collecting duct, 
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and the vasa recta in order to maintain osmotic pressure in the kidney to aid in urine 

concentration (22). 

 

Proteins of Interest 

 

Aquaporin-2 

 

Discovery of the aquaporin channel proteins brought a great light onto the 

understanding of water transport and regulation.  Currently, ten mammalian aquaporins 

have been identified in tissues that are noted for water transport and permeability—each 

channel is placed in one of two groupings (5).  Aquaporins that are only water-selective 

include AQP2, AQP0, AQP4, and AQP5.  Multifunctional aquaglyceroporins, which 

include AQP3; AQP7; and AQP9, regulate the transport of not only water, but glycerol 

and some other solutes as well (5).  These small water channels are critical in various 

physiological functions, but are also causes of various pathophysiological disorders. 

Initially labeled as CHIP28 (channel-like integral protein of 28 kDa) (5), the 

finding of aquaporins— in this case, AQP1— was noted as a significant discovery in the 

diffusion of water through cells.  Initially found on the membrane of an erythrocyte, 

AQP1 is also abundant in other areas of the body.  In particular, it resides also in the renal 

proximal tubules, the descending thin limbs, capillary endothelia, and the vasa recta (5, 

20).  Specifically, they lie within both the basolateral and apical plasma membranes of 

the renal tubules (5).  They are found in various tissues of the body, and they are known 

to be very efficient in diffusing water. 
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It was not until the research lead to the reasons behind renal collecting-duct water 

permeability that people predicted the existence of additional members in the aquaporin 

family.  When checking the membrane protein content of the collecting ducts, researchers 

realized that there was an absence of AQP1 (5).  Further research showed that there was 

instead another aquaporin-like channel; this channel became known as AQP2. Figure 2 

presents the proposed structure of AQP2; the channel includes six transmembrane 

segments, two NPA-containing domains, and two hydrophilic loops (2).  AQP2 was 

localized in the principal cells of the renal collecting duct (5).  Unlike AQP1, which is 

present at the plasma membrane, AQP2 is stored in vesicles that can fuse with the plasma 

membrane when the cell is under the stimulus of vasopressin (ADH) (5).  Under the 

presence of vasopressin, AQP2-containing vesicles move onto the cell surface to 

distribute the channels and ultimately increase water permeability; however, when the 

hormonal stimulus is removed, AQP2 is recollected into vesicles via endocytosis (5).  In 

addition to this short-term mechanism, AQP2 is also seen in long-term biosynthetic 

mechanisms; however, further research is still required in this area (5). 
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Although AQP2 is vital for the physiology of water reabsorption in the kidney, it 

also has significant roles in certain pathological findings.  Many clinical problems 

concerning impaired renal water reabsorption ability are associated with reduced amounts 

of AQP2 in the plasma membrane.  Diabetes Insipidus (DI), as an example, presents with 

low amounts of AQP2 channels imbedded in the membrane due to inadequate levels of 

vasopressin— this results in the secretion of large volumes of dilute urine, even under 

dehydration (5).  Nevertheless, there are other clinical problems that can be related to 

large amounts of AQP2.  Congestive heart failure, for one, includes many symptoms that 

result from water retention, including refractory pulmonary edema.  Researchers explain 

the water retention seen in congestive heart failure as the result of high expression of 

AQP2 (5).  As a result of these pathological findings, AQP2 may be an effective target 

for pharmacological intervention (5).   
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Vasopressin-2-receptor 

 

 Along the nephron there are not only many channels, but also receptors that 

regulate other proteins.  One receptor in particular along the tubules is vasopressin-2-

receptor (V2R).  As suggested by the name, the binding of vasopressin, also known as 

anti-diuretic hormone (ADH), stimulates V2Rs (16).  These receptors have been 

theorized to be located on all the nephron segments beyond the turn in the loop of Henle, 

especially on the collecting ducts (19).  Unlike its vasopressin-1-receptor (V1R) 

counterpart, these receptors primarily focus on the water permeability of the cell 

membranes by regulating the trafficking and insertion of aquaporin-2 (AQP2) channels 

(16). 

 V2R ultimately inserts AQP2 onto the membrane by initiating a cascade of 

second messengers.  The V2R falls under the class of G-protein coupled receptors 

(GPCR) (6, 9), which are known to utilize GTP as well as activate other proteins that 

induce the desired cascade (11).  Figure 3 presents an overview of how the V2R, along 

with other substances, indirectly insert AQP2 channels onto the apical membrane (6). 
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 As the figure illustrates, there are various steps that are required in order to 

stimulate the trafficking of AQP2-containing vesicles.  In order to begin the cascade, 

ADH (also known as arginine vasopressin, or AVP) first binds with the V2R, causing a 

conformation change.  The Gα subunit of the GPCR binds onto GTP, which then gives 

the subunit enough energy to separate from the receptor and bind onto an adenylate 

cyclase.  The activated adenylate cyclase then begins converting ATP into cAMP.  

Elevated amounts of cAMP then cause PKA to eventually become active and 

phosphorylate the AQP2-containing vesicles to move onto the plasma membrane (6, 9).  

High levels of cAMP also increase the amount of Ca
2+

 within the cell, activating SNARE 

proteins, which allows the vesicle to fuse with the membrane (6).  Since the AQP2 

channels are embedded on the vesicle membrane, once the vesicles fuse with the 

membrane, the channels naturally become part of the barrier.  The result is a membrane 

with increased water permeability. 

 Although the V2R is most noted for increasing water permeability, its primary 

function is based on its location.  For example, previous studies have shown that ADH 

causes the thick ascending limbs to increase active salt transport; however, it requires a 

higher concentration of ADH than needed for collecting ducts since adenylate cyclase is 

less sensitive in that area (19).  The collecting ducts, as is well established by many 

published studies, mainly reabsorb water with the stimulation of ADH (9, 12, 15, 19).  

Finally, although adenylate cyclase activity is present when influenced by the addition of 

ADH, the primary functions of the V2R for the thin ascending limbs and the distal 

convoluted tubule are currently somewhat uncertain (19). 
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Kangaroo Rat  

 

Urine Characteristics 

 

 Within each mammal lie various identical characteristics:  the skin projects hair 

fibers, the heart contains four chambers, mammary glands are present, etc.  Every 

mammal portrays nearly identical physiological and anatomical characteristics.  

However, although the similarities are evident, there are great amounts of detail that 

allow each animal to be considered unique.  In fact, this concept is easily observed even 

between two nearly identical animals.  A great example would be a comparison between 

the desert-thriving kangaroo rat (Dipodomys merriami) and the typical laboratory rat, the 

Munich-Wistar rat (Rattus norvegicus). 

 Kangaroo rats, unlike Munich-Wistar rats, prefer to live in desert environments 

where the ground is either mainly sandy soil or rock.  Thriving primarily on seeds and 

small amounts of water, it is rather interesting to investigate how these rodents can 

survive harsh weather.  One main contributing factor to the survival of the kangaroo rat is 

its ability to absorb a great amount of water and vastly concentrate urine— analogous to 

concentrating urine, they also void small volumes.  As noted by previous studies, the 

species conserves tremendous amounts of water by producing extremely hypertonic 

urine, usually exceeding 5000 mosmol/kg H2O (25).  Since these numbers are incredibly 

high compared to the standard laboratory rat, suspicion of relevant differences is directed 

towards the structure, content, and endocrine factors of the nephrons. 
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 However, although the kangaroo rat is highly renowned for its high urine 

osmolarity, there are other species that are capable of producing similar, or heavier, 

amounts.  In fact, it has been witnessed that chinchillas (Chinchilla laniger) are capable 

of producing urine concentrations reaching up to 7599 mmol/kg H2O, a number that 

surpasses the maximum urine concentration of the kangaroo rat—6882 mmol/kg H2O (4).  

Even more so, the regular house mouse (Mus musculus) can also produce urine 

concentrations that reach up to 7000 mmol/kg H2O (4).  These figures show that, 

although the kangaroo rat is noted for normally producing concentrated urine, other 

organisms are still capable of concentrating urine to numbers that even surpass that of the 

desert rodent. 

 As noted previously, the environment has a great impact on the necessary urine 

concentration levels of each organism; it would be more reasonable for a desert animal to 

cultivate more water from its renal system than for one that lives in the tundra.  

Nevertheless, these factors only affect the normal concentration levels of the organism; 

although a mouse is capable of producing highly concentrated urine, it would probably 

reach that level only at extreme conditions of dehydration.  The dromedary camel 

(Camelus dromedaries) is well known for conserving water and avoiding dehydration for 

long periods of time, even in the desert.  However, just like the kangaroo rat, it has not 

been observed that these animals can produce similar maximal urine concentration levels 

as the mouse or the chinchilla.  In fact, it upholds a record of only 3170 mmol/kg H2O in 

urine osmolarity (4), which is less than half of that witnessed by the kangaroo rat.  The 

environment may affect the phenotypic normality of an animal, but from these results, it 

may not have a similar influence on the maximal values. 
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Nephron Characteristics 

 

 Hormonal control does play a grand part in the urine concentrating mechanism 

discovered in the kangaroo rat.  In fact, it has been observed that the Merriam kangaroo 

rat contains around three times as much ADH per microgram of the hypophysis as a 

simple laboratory rat (1).  Since the animal produces an abundant amount of vasopressin, 

the V2 receptors may be constantly stimulated into inputting AQP2 channels into the 

membrane (9, 16).  One could theorize that there is a positive correlation with a rise in 

the amount of AQP2 channels in the membranes of collecting ducts and the concentration 

of urine. 

 Nevertheless, although endocrine factors greatly contribute to the mechanism, the 

fact that perhaps the unique structures of the kangaroo rat nephrons may also aid in urine 

concentration can not be avoided.  There have been many differentiating details between 

the Munich-Wistar rat and the kangaroo rat that were observed in the lab of Dr. Thomas 

Pannabecker.  Firstly, the pre-bend segment in the loob of Henle is seemingly 30% 

shorter in the Merriam kangaroo rat than in a regular laboratory rat.  This characteristic is 

fixed with all nephrons found throughout the kidneys; all nephrons in the kangaroo rat 

contain shorter pre-bend segments regardless of their location.  In addition, the AQP1 

positive descending thin limb is longer in the kangaroo rat than that of the Munich-Wistar 

rat.  Perhaps the long AQP1 segment contributes to the regular concentrated urine 

produced in these desert rodents. 
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 Along with the characteristics found in the loop of Henle, the collecting ducts 

between the two species were also strikingly different.  Firstly, also observed in the lab of 

Dr. Thomas Pannabecker, the collecting ducts coalesce earlier in kangaroo rats than in 

Munich-Wistar rats.  As recorded in Figure 4, the two species seem to have their 

collecting ducts first coalesce at similar distances—at around 750 microns below the 

outer medulla-inner medulla boundary.  However, traveling deeper into the base of the 

inner medulla, the collecting ducts merge earlier in kangaroo rats than in Munich-Wistar 

rats; the second node of the kangaroo rat is at ~1000 microns while the Munich-Wistar 

rat has it at around ~2000 microns.  This pattern then continues throughout the base of 

the inner medulla.  Figure 5 shows an Amira tiff image of the kangaroo rat inner 

medullary collecting ducts, exhibiting how the data was collected.  In addition, 

dissections have suggested  that kangaroo rats have slightly larger interstitial nodal spaces 

within their inner medullar regions than the Munich-Wistar rat, which further adds to the 

uniqueness of this early coalescing phenomenon found in the desert rodent. 

 Other reports have noted other unique details of the kangaroo rat collecting ducts.  

Observations include a striking change in the histology of the collecting duct as it travels 

further into the papilla.  At around the middle of the outer zone of the papilla, the 

epithelium bordering the collecting ducts transform from the typical cuboidal cells, to 

simple flattened cells with rounded nuclei (28).  Physiologically speaking, simple 

flattened cells are commonly found in areas of the body that depend highly on the 

diffusion of particles exiting and entering vessels and cavities.  Cuboidal cells are found 

heavily in secreting ducts, tissues, and organs; they do not allow for as much diffusion as 

flattened cells.  This histological change may support the diffusion of water or other 
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concentrating particles whenever urine travels through.  This change of cells, however, is 

not permanent, since it changes back to cuboidal once the collecting duct reaches the 

region between the medium and distal third of the papilla (28).  Nevertheless, this 

collecting duct characteristic may contribute vastly to the abilities of Merriam kangaroo 

rats in concentrating urine regularly. 
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Experiment Report 

 

Introduction 

 

 The collecting ducts on nephrons are known to be permeable to water only when 

stimulated by antidiuretic hormone (ADH).  ADH is produced in the supraoptic nucleus 

of the hypothalamus, but then is later secreted through the posterior pituitary gland.  

ADH secretion is stimulated by mainly two factors: high blood osmolality and decreases 

in blood volume (8).  The hormone then has many receptors which it can bind, including 

the vasopressin-2 (V2) receptor.  The V2 receptor is found principally in the collecting 

duct, but is theorized to be present on all nephron segments beyond the turn of the loop of 

Henle (19).  Stimulation of the V2 receptor activates a cascade which ultimately inserts 

aquaporin-2 (AQP2) channels in the apical plasma membrane (9).  This insertion 

contributes heavily to the urine concentrating mechanism. 

 Merriam kangaroo rats (Dipodomys merriami) is a peculiar desert rodent that has 

been noted for producing low, but highly concentrated urine.  Kangaroo rats have been 

witnessed to produce urine concentrations that have surpassed 5000 mosmol/kg H2O 

(25).    Although this species is renowned for its concentrated urine, the mechanism in 

which it does so is somewhat poorly understood.  Many researchers have already 

attempted in explaining this phenomenon.  Ames and Van Dyke have successfully 

discovered that the species actually produces more ADH than a typical rodent (Long 

Evans rat; Rattus norvegicus), even after the latter has been stimulated by water 
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deprivation (1).  With an immense amount of ADH flowing in the circulatory system, one 

would suspect that this is the principal reason as to why the kangaroo rat heavily 

concentrates urine. 

 However, in order for a hormone to initiate a response, it must first bind to its 

respective receptor— in the case of ADH, under the terms of urine concentration, it is the 

V2 receptor.  According to the Michaelis-Menton behavior seen for enzymes, the only 

method of increasing the maximum possible output (Vmax) of a particular enzyme is to 

add additional amounts of that same enzyme; adding more substrate only increases the 

output rate of the behavior set by the amount of enzymes.  Although this behavior is 

characterized toward enzymes, it can theoretically also apply toward the mechanisms of 

ligand-receptor pathways, such as the ADH-V2 receptor relationship.  Therefore, in the 

terms of the kangaroo rat, even if there are copious amounts of ADH circulating in the 

blood stream, the response may be hindered with a limited amount of V2 receptors. 

 In this experiment, the primary objective is to determine the amounts of V2 

receptors found in a kangaroo rat kidney.  The sections that will be observed will be the 

cortex, outer medulla, and inner medulla.  By determining the amount of V2 receptors 

found in the kangaroo rat, one can finally determine whether this cascade actually 

contributes greatly toward the concentrating mechanism of urine.  If there are copious 

amounts of V2 receptors found in the kangaroo rat kidney, then it can easily be 

determined that the species is utilizing its vast ADH production to its maximum 

capabilities.  However, if the V2 receptor quantity is similar to that found in regular 

laboratory rats, then it would concluded that both species have a similar Michaelis-

Menton behavior in terms of the ADH-V2 receptor pathway— the kangaroo rat would 
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simply be regularly higher in the behavior pattern since it produces significant amounts 

of ADH.  Nevertheless, this experiment is also beneficial since it will also identify the V2 

receptor densities in the kangaroo rat kidney. 

 

Methods 

 

Western Blotting Analysis 

 

 Tissue preparation.  In order to begin the western blotting analysis, the proteins 

were first collected from the kangaroo rats.  The regions of interest (Figure 6) of the 

kidneys were separated into a container for experimentation.  The tissues were stored in 

80°C.  Before homogenization, the tissues were immersed in a solution containing 

isolation buffer solution and cocktail protease inhibitors (complete Mini protease 

inhibitor cocktail tablets from Roche Diagnostics GmbH); the stock solution contained a 

quarter of a tablet for every 2.5 mL of isolation buffer solution.  Outer and inner medulla 

segments were immersed in 0.5 mL of the isolation buffer and protease inhibitor mixture, 

while cortex tissue was mixed with 1.5 mL of this concoction.  The tissues were then 

homogenized with a tissue-mizer, on ice, and then transferred to their respective 

centrifuge tubes.  Samples were centrifuged at a speed of 5000 rpm at 4°C for 15 

minutes.  Afterwards, the resulting supernatant was collected.  The cortex supernatant 

required another 15 minutes of the same centrifugation procedure in order to ensure a 

pure, desired product.  The supernatants collected were then transferred to ultracentrifuge 

tubes in order to be spun in an ultracentrifuge at 45000 rpm in 4°C for 45 minutes.  
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Afterwards, the pellets were collected and mixed with a respective amount of isolation 

buffer solution— the outer medulla and inner medulla segments were immersed in 50 μL 

of isolation solution, while the cortex pellet was placed in a 250 μL of the same liquid. 

              

 

 Protein Assay.  Before being able to utilize the proteins, one must first quantitate 

the amount of  protein collected . The proteins were first prepared by dilution with water 

at certain ratios—cortex proteins were diluted in a 1:40 and 1:20 fashion, outer medulla 

was diluted to 1:20 and 1:10, and inner medulla proteins were diluted in 1:20 and 1:5 

ratios. Protein concentrations were read with a VarioSkan Microplate Reader. The results 

gave an estimate of the protein concentration of each sample collected. 

 Gel preparation and electrophoresis.  Before running the electrophoresis, the 

separation and stacking gels were created.  An 8% SDS-PAGE gel was produced before 

electrophoresis— the gel included an 8% separating acrylamide gel and a 4% stacking 

acrylamide gel.  A 5x SDS gel-loading buffer was also prepared with 2.5 mL of 1.0 M 

Tris, 3.75 g SDS, 15 mL glycerol, 0.5 g bromphenol blue, and enough distilled water to 

make 50 mL of the solution.  Prior to usage, a respective amount of DTT (30 mg per mL 

of 5x SDS buffer utilized) was added to the mixture.  Along with the proteins from each 
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sample, 2 μg of high-range rainbow molecular weight markers (from Amersham 

Biosciences) were always used in each western blot.  After collecting the protein, a 

certain amount of 5x SDS buffer was added to each— for each μl of protein, 0.25 μL of 

5x SDS was added.  The gel was then immersed in a gel running buffer, and the samples 

were then loaded onto the gel for electrophoresis. The gel apparatus was packed in ice.  

The electrophoresis was first run at 70 volts for 15 minutes (until the samples passed the 

stacking gel).  Voltage was then increased to 135 volts until all the samples reached the 

end of the gel. 

 Transfer proteins from gel to nitrocellulose.  Once the electrophoresis was 

complete, the gel was then submerged in a transfer buffer mixture.  The transfer buffer 

consisted of 3.03 g Tris, 14.4 g glycine, 200 mL of methanol, and about 800 mL of 

distilled water.  Along with the gel, the nitrocellulose paper, two filter papers, and two 

fiber pads were also placed in the transfer buffer.  After 30 minutes, the items were then 

stacked in the order shown by Figure 7.  Once the sandwich was set up, it was then ran 

with the transfer apparatus in transfer buffer with 100 volts under cold condition (packed 

in ice) for 2 hours. 
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 Western immunoblotting with nitrocellulose.  After the transferring procedure 

was complete, the nitrocellulose paper, containing the proteins, was washed with 1x 

TTBS for 5 minutes under 4°C.  The TTBS solution consists of 3.152 g Tris-HCl, 8.77 g 

NaCl, 100 μL of Tween 20, and enough distilled water to increase the volume of the 

mixture to 1 liter; the pH of the solution was also adjusted to 8.0.  After the initial wash, 

the nitrocellulose paper was then blocked with the minimal amount (barely enough for 

submersion) of AquaBlock
tm

 EIA/WB (from EastCoast Bio).  This blocking solution was 

then allowed to wash the paper for 1 hour in 4°C.  Afterwards, the primary antibodies 

were added.  The primary antibodies used in this study were the following: rabbit anti-V2 

receptor (AVP Receptor V2 H-80: sc-30027; from Santa Cruz Biotechnology, Inc.), 

mouse anti-barttin subunit (Barttin A-3: sc-36516; from Santa Cruz Biotechnology, Inc.), 

and goat anti-AQP2 channel (AQP2 C-17: sc-988; from Santa Cruz Biotechnology, Inc.); 
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enough was included to have the primary antibody diluted with the blocking solution in a 

1:5000 ratio.  Washing with this mixture persisted overnight in 4°C. 

 Once the primary antibodies were allowed enough time to bind with its respective 

proteins, the primary antibody-blocking solution mixture was discarded.  The 

nitrocellulose paper was then washed for three cycles with TTBS in 4°C for 5 minutes 

each.  A mixture containing secondary antibodies and AquaBlock
tm

 was produced; it was 

made so that the secondary antibodies would be diluted with the blocking solution in a 

1:40000 ratio.  Secondary antibodies included a goat anti-rabbit read at 680 nm, goat anti-

mouse read at 800 nm, rabbit anti-goat read at 680 nm, and goat anti-rabbit read at 800 

nm.  After the three washings of the nitrocellulose paper, the secondary antibody-

blocking solution mixture was added and was allowed to wash the paper steadily in a 4°C 

environment for about an hour.  Finally, the solution was discarded and the nitrocellulose 

paper was washed once again with TTBS in 4°C for 5 minutes for three cycles.  The 

membrane was then ready to be ready by the Odyssey
tm

 scanner in order to view the 

results. 

 

Results 

  

Immunoblots of the kangaroo rat kidney were collected throughout this study and 

included one set of blots showing the V2 receptor density found in the cortex, outer 

medulla, and inner medulla; and another set of blots presenting the qualitative amount of 

AQP2 in those same regions.  The results were collected from the Odyssey
tm

 scanner and 

edited in order to fit with the aim of the study. 
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 The first set of western blots pertained to the V2 receptor density of the kangaroo 

rat.  Figure 8 shows a typical immunoblot of V2 receptor density in each of three regions.  

The first lane from the left represents the molecular weight markers (2 μg).  Following 

that are the cortex (40 μg), the outer medulla (40 μg), and the inner medulla (24 μg) of 

the kangaroo rat, respectively.    As presented in Figure 8a, there is an evident band in 

both the cortex and the outer medulla at around 90 kDa; these bands represent the full V2 

receptor protein.  The cortex presents with the greatest amount of V2 receptors.  The 

outer medulla, compared to the cortex, contains slightly less V2 receptors. The inner 

medulla has little to no band present in that same area.  Figure 8b presents the barttin 

subunit positive control.  Although there is little to no V2 receptor density in the inner 

medulla lane, there is a striking amount of barttin subunit detected in that same lane (~45 

kDa).  In fact, the positive control portrays a pattern opposite to what is seen with the V2 

receptor; there is a significant amount in the inner medulla, a relatively average amount 

in the outer medulla (compared to the other lanes), and a small amount in the cortex.  

Note that the inner medulla, compared to the other lanes, has an extremely evident 

amount of barttin subunit detected, even though only 24 μg of inner medulla protein were 

added. 
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a)  

b)  
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 The second western blot presents the AQP2 channel density in the same regions 

of the kangaroo rat (Figure 9).  The first lane on the left contains the molecular weight 

markers (2 μg); the cortex (40 μg), outer medulla (40 μg), and inner medulla (40 μg) 

follow in the other lanes in that particular order.  The figure highlights the mature AQP2 

at around 37 kDa.  The results show that there are much more AQP2 channels in the inner 

medulla than in any other region; the outer medulla followed in acquiring a larger band, 

and the cortex lane had a faded band.  A V2 receptor positive control (deemed as a 

positive control after performing various western blots with it, including the one used in 

this report) was applied, but was unable to be read clearly since a new, untested antibody 

was used.  Nevertheless, it did target some parts of the blot, signifying that there was 

indeed protein in the nitrocellulose paper. 
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Discussion 

 Based on western blot results, the kangaroo rat does indeed contain some amount 

of V2 receptors in the kidney, most notably in the cortex.  The outer medulla did present 

nearly the same band density as that of the cortex, however, with careful analysis, the 

cortex was still deemed to have the densest V2 receptor band.  The inner medulla did not 

present with a very evident V2 receptor band, but with further analysis, a minute band 

still exists.  It is true that only 24 μg of protein was added in the inner medulla lane—

different from the 40 μg added in the other sample bands— but even with the same 

amount of protein, it would probably not have a  band density close to that of the outer 

medulla and cortex.  The barttin positive control also proved that there was indeed 

protein in the inner medulla lane; enough that a V2 receptor band could have been 

evident even if it had a lower amount of protein.  Other studies have shown the opposite 

results in a regular laboratory rat (21); however, there may be a possibility that the 

kangaroo rat has a different distribution of V2 receptors in the kidney.  Also, it should be 

noted that copious V2 receptor blots were performed on the kangaroo rat during this 

study, and every result appeared to be similar. 

 Nevertheless, the puzzling concept in this study is that although the V2 receptor 

density is scarce in the inner medulla, it still contains an abundant amount of AQP2 

channels— more than any other region in the kangaroo rat kidney.  Perhaps the inner 

medulla V2 receptors are stimulated more than those that appear in other regions of the 

kidney.  This phenomenon is supported with the fact that when a V2 receptor is over-

stimulated, the receptor, just like any GPCR, is desensitized and is taken in via 

endocytosis (11).  Another explanation could be that the AQP2 channels are inserted via 
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another method, such as increase cGMP levels via stimulation by L-arginine, atrial 

natriuretic factor, or sodium nitropursside (6).  This phenomenon found in the kangaroo 

rat requires further investigation in order to be explained more clearly. 

These results correlate very well with the previous activities performed in the 

laboratory of Dr. Thomas Pannabecker.  One of the main focuses of the lab is 

reconstructing 3D images of nephrons via immunohistochemistry.  One of the tubules of 

nephron that are constantly being labeled is the collecting duct.  It has been observed that 

as the collecting ducts travel deeper into the medulla, they begin to coalesce.  In fact, the 

kangaroo rat collecting ducts seem to coalesce sooner than those found in the Munich-

Wistar rat.  Nevertheless, with this concept in mind, one can easily derive that more 

individual collecting ducts can be found in the cortex of the kangaroo rat than in the outer 

medulla and especially the inner medulla.  This being said, it would be logical that the 

results show a small amount of V2 receptors in the inner medulla, but a great amount in 

the cortex; if there is a constant density of V2 receptors along the collecting duct 

principal cells, and if there are more individual collecting ducts in the cortex than in the 

inner medulla, then there would probably be less total V2 receptors in the inner medulla 

than in the cortex.  Unfortunately, this is under the assumption of a constant V2 receptor 

density on the collecting duct; the western blot assay only shows the total amount of V2 

receptors in a particular region of the kidney. 

 An interesting characteristic of the kangaroo rat is that it synthesizes a larger 

amount of ADH in the supraoptic nucleus of the hypothalamus (1).  These synthesized 

hormones would then bind to their respective receptors— the V2 receptor is one primary 

target in the kidney.  As it has also been seen, ADH production is promoted by two main 
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factors: high osmolality and low blood volume (8).  The unique kangaroo rat, under 

normal hydration, maintains an elevated POSM and, therefore, a high PAVP; these levels 

may be two-to-threefold higher than a typical laboratory rat or other mammalian species 

(25).  Since the PAVP is greatly elevated, the V2 receptors may be more frequently 

stimulated in kangaroo rats.  Although this phenomenon increases AQP2 expression (15), 

it can actually have an opposite effect toward the density of V2 receptors (23, 26).  When 

an organism is dehydrated for long periods of time, the amount of V2 receptor proteins 

and mRNA decrease significantly in the cortex and somewhat in the outer medulla; 

however, there is no significant change in the V2 receptor density in the inner medulla 

(23).  The affinity (Kd) of the receptor toward the hormone, fortunately, does not change 

(26).  Frankly, the loss of V2 receptors toward high levels of ADH is a regular 

phenomenon seen in GPCRs.  After long periods of stimulation, the GPCR response 

wanes over time, and desensitization occurs via endocytosis of the receptor (11).  Due to 

this characteristic, researchers believe that the kidney may possess extra ―spare‖ V2 

receptors (2).  Nevertheless, one would believe that this phenomenon is odd, especially 

since one would want more water-reabsorbing proteins and pathways during times of 

dehydration (26). 

 Abnormal levels of vasopressin are significant in many clinical problems dealing 

with water regulation.   For this reason, one would believe that the V2 receptor may play 

a critical role in these types of conditions.  There are some conditions that deal with low 

levels of circulating vasopressin, such as diabetes insipidus.  In nephrogenic diabetes 

insipidus, however, the kidney fails to respond to vasopressin.  Research has speculated 

that this is due to mutations in genes encoding for renal V2 receptor, and is inherited as 
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an X-linked disorder (5).   Due to lack of V2 receptors, the main pathway for inserting 

AQP2 channels into the collecting duct membrane is terminated; if no AQP2 channels are 

installed, the collecting ducts remain impermeable to water and therefore are unable to 

retain water. 

 Adversely, there are other clinical problems that are due to extensive amounts of 

V2 receptors and AQP2 channels.  In congestive heart failure, both AQP2 channels and 

V2 receptors are significantly elevated on the inner medullar collecting ducts, 

contributing to excessive water retention (5, 24).  In order to reduce the amount of 

conserved water, diuretics may be prescribed.  However, research has shown that 

inhibiting the actions of the V2 receptor with vasopressin antagonists, such as tolvaptan, 

increase the net volume loss of water in heart failure without any detrimental 

consequences with electrolyte balance and renal function (13, 27).  Other 

pathophysiological states associated with excessive stimulus of V2 receptor are liver 

cirrhosis and syndrome of inappropriate antidiuretic hormone (SIADH) (10). 

 With all these problems present in the hospital scenario, further studies of the V2 

receptor behavior are required.  By understanding the mechanisms of the V2 receptor, 

one can become more familiar with disease such as congestive heart failure, liver 

cirrhosis (9), and diabetes insipidus.  Furthermore, pharmacological treatments can be 

used to target the V2 receptor in these scenarios.  The kangaroo rat, being able to 

concentrate urine excessively, could potentially be a model for these diseases.  In fact, 

since the kangaroo rat is able to retain water extremely well compared to other rodents, it 

could serve as a guide to alleviate conditions such as dehydration.  Also, since it is 

capable of retaining water without constantly showing signs of edema and other 
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symptoms of excessive volume retention, research could also focus on how one could 

implement these mechanisms in patients with congestive heart failure, cirrhosis, SIADH, 

and other water-retaining diseases.   

 Future studies on the V2 receptor of the kangaroo rat might include a comparison 

with the Munich-Wistar rat when both are hydrated and dehydrated.  Although it has 

been noted that V2 receptor density diminishes with dehydration— due to 

overstimulation from vasopressin— over time, perhaps the kangaroo rat maintains a more 

steady density of V2 receptor between these two conditions.  Nevertheless, future studies 

on both the V2 receptor and AQP2 densities on the kangaroo rat may contribute to 

clarifying their regulating mechanisms. 

 

Conclusion 

 

 The V2 receptor cascade provides an essential role in water retention and 

conservation.  Although there are other possible ligands that install AQP2 channels into 

the membrane of collecting duct cells, ADH is still known as the primary hormone in 

regulating this phenomenon.  Since the kangaroo rat is renowned for producing small 

amounts of concentrated urine, experiments revolving around its concentrating 

mechanisms and regulations could aid in further understanding and comprehending how 

urine can constantly be concentrated— how water can be retained for longer periods of 

time.  Studying this phenomenon could prove to be useful in regulating and controlling 

clinical dilemmas such as decreased water reabsorption in diseases such as diabetes 
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insipidus or excessive water retention seen in conditions such as congestive heart failure 

and liver cirrhosis. 

 Analysis of the V2 receptor distribution uncovered a unique characteristic in the 

kangaroo rat kidney.  Based on the western blot results, V2 receptor density is high in the 

cortical region; the outer medulla contains some amounts of V2 receptor, but the inner 

medulla only showed an incredibly small amount.  However,  immunoblotting the 

distribution of the AQP2 channels gave the opposite results; the inner medulla contains 

large amounts of AQP2 channels, while the outer medulla and cortex provide smaller 

quantities of the ADH-regulated water channel.  These characteristics could easily 

contribute to the unique urine concentrating mechanism found in the kangaroo rat 

nephrons. 

 This study was a wonderful research experience.  Apart from further 

understanding the urine concentrating mechanism, I also learned about the kangaroo rat 

urine concentrating capabilities.  In addition, I adopted the western blotting method into 

my research capabilities, a method that is widely used in the world of biological research.  

Uncovering these facts has enlightened me to further investigate the mysteries of the 

urine concentrating mechanisms in order to combat conditions such as dehydration and 

congestive heart failure.  I wish to give thanks to all those who have aided my in my 

research, especially Dr. Thomas Pannabecker who allowed me to conduct this study 

under his supervision.  I will repay their gracious contributions to my research experience 

by further investigating the paths of water retention in the renal system.   

  

 



 34 

References 

1. Ames, R. G. & Van Dyke, H. B. Antidiuretic hormone in the urine and pituitary of the 

Kangaroo rat. Proc. Soc. exp. Biol. Med. 75, 417-420, 1950 

2. Ariens, E. J., van Rossum, J., Koopman, P. C., Receptor reserve and threshold 

phenomena. I. Theory and experiments with autonomic drugs tested on isolated 

organs. Arch Int Pharmacodyn Ther. 127, 459-478, 1960 

3. Bai, L., Fushimi, K., Sasaki, S., Marumo, F. Structure of aquaporin-2 vasopressin 

water channel. The Journal of Biological Chemistry. 271, 5171-5176, 1996 

4. Beuchat, C. A. Structure and concentrating ability of the mammalian kidney: 

correlations with habitat. AJP - Regu Physiol. 271, R157-R179, 1996 

5. Borgnia M., Nielsen S., Engel A., Agre P. Cellular and moleclar biology of the 

aquaporin water channels. Annu Rev Biochem 68, 425-458, 1999 

6. Brown, Dennis. The ins and outs of aquaporin-2 trafficking. AJP- Renal Physiol. 284, 

F893-F901, 2003 

7. Doctor, R. B., et al. Distribution of epithelial ankyrin (Ank3) spliceoforms in renal 

proximal and distal tubules.  AJP- Renal Physiol. 274, F129-F138, 1998 

8. Dunn, F. L., et al., The role of blood osmolarity and volume in regulating vasopressin 

secretion in the rat. J. Clin. Invest. 52, 3212-3219, 1973 

9. Fenton, R. A., et al. Cellular and subcellular distribution of the type-2 vasopressin 

receptor in the kidney. AJP- Renal Physiol. 293, F748-F760, 2007 

10. Ferguson, J. W., Therapondos, G., Newby, D. E., Hayes, P. C., Therapeutic role of 

vasopressin receptor antagonism in patients with liver cirrhosis. Clin Sci (Lond). 

105, 1-8, 2003 



 35 

11. Ferguson S. S., Zhang J., Barak L. S., Caron M. G. Molecular mechanisms of G 

protein-coupled receptor desensitization and resensitization. Life Sci. 62, 1561-

1565, 1998  

12. Fröhlich, O., Klein, J. D., Smith, P. M., Sands, J. M., Gunn, R. B. Regulation of UT-

A1-mediated transepithelial urea flux in MDCK cells. Am J Physiol Cell Physiol. 

291, C600-C606, 2006 

13. Gheorghiade, M., et al., Effects of tolvaptan, a vasopressin antagonist, in patients 

hospitalized with worsening heart failure: a randomized controlled trial. JAMA. 

291, 1963-1971, 2004 

14. Hasler, U., et al. Aquaporin-2 abundance in the renal collecting duct: new insights 

from cultured cell models. AJP- Renal Physiol. 297, F10-F18, 2009 

15. Hayashi, M., et al. Expression and distribution of aquaporin of collecting duct are 

regulated by vasopressin V2 receptor in kidney. J Clinic Invest. 94, 1778-1783, 

1994 

16. Inoue, T., Nonoguchi, H., Tomita, K. Physiological effects of vasopressin and atrial 

natriuretic peptide in the collecting duct. Cardiovasc Res. 51, 470 –480, 2001 

17. Klein, J. D., et al. Upregulation of urea transporter UT-A2 and water channels AQP2 

and AQP3 in mice lacking urea transporter UT-B. JASN. 15, 1161-1167, 2004 

18. Krämer, B. K., Bergler, T., Stoelcker, B., Waldegger, S. Mechanisms of disease: the 

kidney-specific chloride channels ClCKA and ClCKB, the barttin subunit, and 

their clinical relevance. Nature Clinical Practice Nephrology. 4, 38-46, 2008 

19. Morel, F., Imbert-Teboul, M., Chabardès, D. Receptors to vasopressin and other 

hormones in the mammalian kidney. Kidney Int. 31, 512-520, 1987 



 36 

20. Murata, K., et al., Structural determinants of water permeation through aquaporin-1. 

Nature. 407, 599-605, 2000 

21. Nonoguchi, H., et al. Immunohistochemical localization of V2 vasopressin receptor 

along the nephron and functional role of luminal V2 receptor in terminal inner 

medullary collecting ducts. J Clin Invest. 96, 1768-1778, 1995 

22. Pallone, T. L., Turner, M. R., Edwards, A., Jamison, R. L. Countercurrent exchange 

in the renal medulla. AJP- Regu Physiol. 284, R1153-R1175, 2003 

23. Park, F., Koike, G., Cowley, A. W. Regional time-dependent changes in vasopressin 

V2 receptor expression in the rat kidney during water restriction. AJP- Renal 

Physiol. 274, F906-F913, 1998 

24. Sonntag, M., Wang, M. H., Huang, M. H., Wong, N. L., Endothelin upregulates the 

expression of V2 mRNA in the inner medullary collecting duct of the rat. 

Metabolism. 53, 1177-1183, 2004 

25. Stallone, J. N., Braun, E. J., Regulation of plasma antidiuretic hormone in the 

dehydrated kangaroo rat (Dipodomys spectabilis M.). General and Comparative 

Endocrinology. 69, 119-127, 1988 

26. Steiner, M., Phillips, I. Renal tubular vasopressin receptors downregulated by 

dehydration. Am J Physiol Cell Physiol. 254, 404-410, 1988 

27. Udelson, J. E., et al., Acute hemodynamic effects of conivaptan, a dual V1a and V2 

receptor antagonist, in patients with advanced heart failure. Circulation. 104, 

2417-2423, 2001 

28. Vimtrup, B. J., Schmidt-Nielsen, B. The histology of the kidney of kangaroo rats. 

Anatomical Record. 114, 515-528, 1952 


