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Abstract 
 

Uricotelic animals such as birds excrete approximately 70% of their waste 

nitrogen in the form of uric acid. This could be a concern due to the low aqueous 

solubility of uric acid and its salts, yet crystals and stones rarely form in the avian kidney. 

Our objective was to generate in vitro the urate-containing spherules found in avian urine. 

A dialysis membrane with a molecular weight cut off of 100 Da was used in chambers to 

separate two solutions. On one side of the membrane was a solution mimicking avian 

glomerular filtrate and on the other was solution mimicking avian plasma. The artificial 

plasma had an osmotic potential higher than that of the filtrate to draw fluid from the 

filtrate side and thus concentrate the uric acid on the filtrate side. Three permutations and 

a control were conducted to examine the effect of calcium and cholesterol on sphere 

formation. The increase in uric acid concentration lead to the formation of spheres about 

1 micron in diameter in the permutations that included calcium. It is not certain whether 

cholesterol contributes to the spheres. However, it appears that divalent cations such as 

calcium are necessary for the formation of the urate and protein-containing spheres. 



Introduction 

Why this phenomenon is interesting 

The problem of nitrogenous waste disposal in various environmental situations 

has been the impetus for evolutionary change throughout the millennia. The nature of an 

animal’s nitrogenous excretory product is determined by its phylogenic position and its 

environment (1). 

 

Why disposing of nitrogen is necessary 

When an organism breaks down protein and recycles the amino acids, nitrogen 

molecules are released into the system, usually in the form of ammonia (NH3). The 

presence of ammonia can cause damage to body tissues and can be toxic if allowed to 

accumulate. When it accumulates to extreme levels, it can substitute for potassium in the 

sodium-potassium exchange pumps and affect cell membrane potentials throughout the 

body (3).  The buildup of ammonia, especially liver, is a problem for both mammals and 

birds as it can lead to metabolic acidosis. Therefore, when ammonium concentration is 

high, ammonia is shunted away from the liver to the kidney for excretion (2).  

 

How different animals dispose of waste nitrogen 

Fish and aquatic animals produce ammonia as the primary nitrogenous end 

product of protein metabolism, as it can easily diffuse into the surrounding water. This 

method of nitrogen excretion is not viable, however, for land animals. Mammals and 

many amphibians have adapted to excrete nitrogen in the form of urea, which is less toxic 

than ammonia, but can be lethal in large quantities.  The liver of larval amphibians 



(tadpoles), in anticipation of a terrestrial lifestyle, undergoes a dramatic increase in the 

levels of urea cycle enzymes concurrently with metamorphosis (1).  

Birds, reptiles, and insects have evolved to dispose of waste nitrogen in the form 

of uric acid as a means of conserving water. The evolutionary choice of uricoteley must 

convey a significant benefit considering that the energetic cost of converting nitrogen to 

uric acid is greater than the cost of converting it to urea (4). The development of 

uricoteley as a means of detoxifying ammonia, along with the capacity of the lower 

gastrointestinal tract to reabsorb water, was a vital step in many organisms’ adaptation to 

arid and subtropical environments (2). The adaptation to uricoteley during the Triassic 

period allowed the archosaurs (birds and crocodiles of today) to colonize more arid 

environments (4). Studies have shown that, if given excess water, hummingbirds excrete 

a higher percentage of their waste nitrogen as ammonia (2). However, when the water 

load is reduced, these organisms return to normal urate excretion (2).  This study 

reaffirms the physiological advantage of uricoteley over ammonoteley for water 

conservation. Although some desert-dwelling mammals can concentrate their urine to 

very high osmolalities, no mammal can produce the highly-concentrated semi-solid paste 

that uricotelic organisms like birds and reptiles excrete. (4).  

 

Uric acid 

Uric acid is only slightly soluble in aqueous solutions, making the presence or 

lack of water less relevant to the land-dwelling organism’s wellbeing. Urates have low 

solubilities in water (0.384 mmol/L to 12.06 mmol/L) and therefore can be excreted using 



very little water (5). Yet the very insolubility of uric acid makes its presence in the body 

problematic.  

As uric acid easily precipitates out of a solution, it can form crystals and can lead 

to kidney stones and gouty arthritis. With respect to kidney stone formation, pure uric 

acid stones account for 5% to 10% of all stones in the United States and have an overall 

prevalence of 0.01% in adults (6).  Among patients with gout, uric acid stones are very 

frequent. In one study, eighty-four percent of the stones passed by gout patients were 

pure uric acid, and the rest were either calcium oxalate or a combination of calcium 

oxalate and uric acid (6). Although a state of saturation or supersaturation of uric acid in 

the urine is normal, the risk of stone formation increases dramatically when the urine 

solution is also supersaturated with calcium oxalate, as these substrates share a close 

epitaxial relationship (7). The potential for calcium oxalate supersaturation is high in 

humans because calcium oxalates are also highly insoluble in the pH range of normal 

human urine (7). For a stone to form there must be a nucleation event. Nucleation may 

begin with heterogeneous nucleation of calcium oxalate on uric acid crystals, which form 

and dissolve frequently in normal urine (8).  Additional nucleation foci may include 

epithelial cells, urinary casts, red blood cells, and other crystals (9). 

 

Background on spherules 

Birds do not under normal circumstances produce kidney stones, in spite of 

excreting 70% of their nitrogen as uric acid or the salts of uric acid. Stone formation is 

prevented by chemically binding uric acid to a matrix protein within the proximal renal 

tubule. The complex takes the form of small spherical structures (0.5- 10 µm in diameter) 



(Figure 1). It has been suggested that the spheres form within the proximal tubule, 

because in addition to urate being fully filtered, it is also secreted by the cells of the 

proximal tubule. These factors, coupled with the normal fluid absorption that occurs in 

the proximal tubule, raise the intraluminal concentration of uric acid well beyond its 

solubility limit (11). The spheres have been shown to contain calcium and potassium ions 

as well as chloride and magnesium (11).  It is yet unresolved how urate and a matrix 

protein combine to form these microscopic spheres. As urate and protein are both 

anionic, the divalent cationic calcium may bind these anions as an integral part of the 

process by which the spheres are formed.   



 

Figure 1. Scanning electron microscopic (SEM) image of avian urine, showing spheres of 

varying size (10).  



Materials and Methods 

The experiment utilized a modified Ussing dialysis chamber system (Fig. 2) and a 

semi-permeable cellulose ester membrane with 100 Dalton molecular weight cut off to 

juxtapose a synthetic avian plasma solution and a synthetic avian filtrate solution. The 

membrane’s pore size was chosen to prevent the free passage of uric acid, which has a 

molecular weight of 168 (also sodium urate, or potassium urate), and isolate it on one 

side of the membrane. The plasma solution and filtrate solutions were composed as  

outlined in the Table 1. An important difference between the two solutions was that the 

plasma solution contained polyethylene glycol (PEG, molecular weight 6000), as a non-

permeant solute, which served to draw water from the filtrate to the plasma side of the 

membrane, mimicking the water reabsorption that occurs in the proximal tubule. The 

desired effect of the dialysis was to raise the concentration of uric acid and cause it to 

precipitate along with albumin in the form of spherules, as happens in the avian nephron. 

The synthetic avian filtrate and plasma solutions were formulated based on literature 

describing plasma and serum chemistry of ostriches (12, 13) and domestic chickens (14).  

The three permutations and controls differed in that the first contained both calcium and 

cholesterol, the second calcium but no cholesterol, and the third cholesterol but no 

calcium (Table 1).  

The components were prepared in 0.9% NaCl solution. The pH of the solutions 

was adjusted to 7.43. The individual permutations were then prepared with the 

components listed in bold on Table 1. Three solutions of the filtrate (containing uric acid) 

and three solutions of the plasma (containing PEG and no uric acid) were prepared. The 

pH of the solutions was again adjusted to 7.43.  Each of the three permutations was 



carried out in duplicate to ensure accuracy. There was one control for each permutation, 

with uric acid solutions placed on both sides of the membrane, and no PEG present. 

A cellulose ester membrane was cut in 30mm segments which were placed in DI 

water to hydrate overnight in the refrigerator. They were then rinsed again with DI water 

and allowed to sit at room temperature for 30 minutes.  

Dow Corning high vacuum silicone lubricant was applied around the depressions 

in each hemi-chamber. The membrane was positioned so that it would divide the two 

hemi-chambers. Screws secured the Ussing chambers closed. With syringes the plasma 

and filtrate solutions were introduced through the portals on either side of the membrane. 

To seal the chambers, greased screws were placed into the portals. All blocks were placed 

in a 41o C water bath (normal body temperature of birds).  

To examine the samples after dialysis had been allowed to take place for two 

weeks, a syringe and PE50 tubing were used to withdraw small samples from the 

chambers. They were deposited on microscope slides and on Scanning Electron 

Microscope (SEM) stubs.  For cleaner SEM results, the samples were washed twice with 

DI water before the pellet was transferred to SEM stubs. The stubs were allowed to dry 

and carbon coated before viewing with the SEM.  

 
 
 
 
 
 



 
 
 
Figure 2. Diagram of modified Ussing dialysis chamber system (5 cm x 5 cm x 2.5 cm).  
 
 
 
 
 
 
  



 
Table 1. Composition of solutions used in dialysis experiments. 

Permutations  Permutations  

"Filtrate" side  1  2  3  "Plasma" side  1  2  3  

Chemical  mmol/L mmol/L mmol/L Chemical  mmol/L mmol/L mmol/L 

NaCl  105 105 105 NaCl  105 105 105 

CaCl2  3.001 3.001 0 CaCl2 3.001 3.001 0 
Na2HPO4  2.001 2.001 2.001 Na2HPO4  2.001 2.001 2.001 

Glucose  12 12 12 Glucose  12 12 12 

Urea  0.5 0.5 0.5 Urea  0.5 0.5 0.5 

Uric Acid  0.5 0.5 0.5 Uric Acid  0 0 0 

Albumin (mg/ml) 5 5 5 Albumin (mg/ml) 5 5 5 

KCl  5 5 5 KCl  5 5 5 

Cholesterol  3.99 0 3.99 Cholesterol 3.99 0 3.99 
Na HCO3  25 25 25 Na HCO3  25 25 25 

Na2SO4  0.07 0.07 0.07 Na2SO4  0.07 0.07 0.07 

PEG (g/100ml)  3 3 3 



Results 
 

Spheres of about 1 micron in diameter resulted from the permutations that 

included calcium (Figures 3-8). Permutation 2, which contained calcium but no 

cholesterol, apparently produced the most spheres, although quantitative measurements 

were not carried out (Figures 3-6).  Permutation 1, which included calcium as well as 

cholesterol, also showed sphere formation (Figures 7-8). Permutation 3, which contained 

cholesterol but no calcium, showed only crystal formation, with no spheres apparent 

(Data not shown). The controls showed no apparent sphere formation, but a great deal of 

crystal formation.  

  



 
 
 
 
 
 
 
 
 
 
Figure 3. SEM image of a sample from 
permutation 2 (Table 1), showing many 
spheres about 1 micron in diameter.  

 
Figure 4. SEM image of a sample from 
permutation 2, showing honeycomb-like 
areas where spheres may have been.  

Figure 5. SEM image of a sample from 
permutation 2, showing crystals as well 
as spheres. 

Figure 6. SEM image of a sample from 
permutation 2, showing a close up of one 
sphere of about 1 micron diameter. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. SEM image of a sample from 
permutation 1, showing a close up of one 
sphere of about 1 micron in diameter. 

Figure 8. SEM image of a sample from 
permutation 1, showing an aggregation 
of spheres and some crystals. 



Discussion 
 

Nitrogen must be excreted from the body to maintain appropriate levels of ammonia. 

Land dwelling animals utilize two main strategies of nitrogen excretion: ureoteley and 

uricoteley. While uricoteley gives birds the advantage of water conservation, it comes 

with a challenge in the propensity of uric acid for crystallization. The spheres found in 

the avian proximal tubule, which are known to contain urate and albumin, appear to be 

the mechanism by which this challenge is met.  

The present study has demonstrated the successful formation of the spheres in vitro. 

The conditions that lead to the sphere formation were similar to those found in the 

proximal tubule of the avian nephron. A synthetic filtrate solution was juxtaposed against 

hyperosmotic synthetic plasma solution; the solutions were separated by a membrane that 

prevented the movement of uric acid, but which allowed osmotic movement of water to 

take place. In the proximal tubule of the avian nephron, a large quantity of water is 

reabsorbed (60-70%), which we were able to simulate. We were not able to simulate the 

secretion of uric acid, however, which also occurs in the proximal tubule. Nevertheless 

the effect of the osmosis was to bring uric acid above its solubility limit and lead to the 

formation of spheres. It is important to note that spheres did not appear in the controls, 

where this osmosis did not occur.  

The experiment shows that calcium is necessary for the formation of the spheres, as 

the spheres formed only in the permutations in which calcium was present. We speculate 

that the divalent positive charge of calcium may balance the negative charges of protein 

and urate, within the sphere. Under normal conditions in the blood of mammals and birds 

alike, 50% of all calcium is bound to protein. We believe the same condition should be 



found in the avian filtrate, due to the very leaky (porous) nature of the avian glomerular 

filtration barrier (15). The leaky filtration barrier leads to a large quantity (5mg/ml) of 

protein in avian urine, much of which is albumin (16).  

In studies by Casotti and Braun, the spheres have been shown to be composed of 

about 65% uric acid and 5% protein on a mass basis (11). However, that leaves 30% of 

the composition unknown. Some of that remaining unknown mass is made up by cations, 

though it remains unknown what proportion. It is known that calcium represents 

approximately 70% of the total cation content of the spheres, and that potassium 

represents approximately 30% (11). Although cholesterol is most likely present in avian 

filtrate, it may or may not play a role in sphere formation, in the presence of calcium. 

Spheres formed in the permutation that included calcium and cholesterol, but they did not 

form in the permutation that contained cholesterol but no calcium. Quantitative study 

would show more clearly whether the calcium and cholesterol permutation resulted in 

greater or lesser sphere formation than the calcium permutation that did not include 

cholesterol.  

In summary, the results of the present study in conjunction with many others illustrate 

the fact that the uricotelic “system," utilized by birds, has evolved to facilitate the 

excretion of a molecule with a very low aqueous solubility though the unique 

phenomenon of protein and urate-containing spheres.  
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