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Abstract
Uric acid is a nitrogenous compound that is produced as an end product of
the deamination of amino acids. Many insects and all reptiles and birds
excrete the majority of excess nitrogen as solid uric acid granules that are
suspended in the urine. However, the solid uric acid is not in crystalline
form, but is packaged into small, spherical structures that are ususally 3 - 15
11m in diameter. Further, the uric acid that is dissolved in the urine exceeds
its aqueous solubility limit and the solubility limits of the potassium and
sodium urate salts. Thus, a factor(s) in the urine is facilitating urate in
exceeding its solubility limits and in causing urate to form spheres rather
than crystals. I have reported that avian urine contains unusually high
amounts of protein (1-3 mg/ml), and that the uric acid spheres also contain
protein. Linear regression analysis shows that the amount of uric acid and
protein in urine are positively correlated (r

= 0.80, p<0.005), suggesting a

functional relationship between the two. Equilibrium dialysis of urine before
and after its treatment with protease shows the urinary protein capable of
binding urate (and calcium). After isolating and purifying a sphere protein, I
was able to generate sheep anti-sphere protein antibodies. By using these and
commercially obtained anti-chicken serum albumin antibodies in a series of
western blot analyses, I have identified serum albumin as the sphere protein
and as a major urinary protein in birds. In summary, my data show serum
albumin to playa significant role in the excretion of uric acid in birds.
Because urine from all uricotelic species I have examined contains similar
spheres, I am suggesting that all uricoteles may use like, or analogous,
proteins to facilitate the excretion of urates.
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Chapter One: Statement of Purpose and Historical Background

Statement of Purpose:
Proteins are essential dietary components used for animal growth
and maintenance. Once ingested, the proteins are broken down to their
constituent amino acids and used as needed. Excess amino acids are
further catabolized, usually via gluconeogenesis, to their carbon
component which is recycled and ultimately used in the production of
adenosine triphosphate (ATP). In fact, dietary amino acids in excess of
those needed for growth and maintenance of protein turnover are
preferentially degraded over carbohydrates and lipids (Krebs, 1972).
However, before amino acids can be converted to glucose they must be
deaminated. This deamination process produces an excess of nitrogen that
must be disposed of to avoid possible toxic effects.
In general, vertebrates have dealt with nitrogen excretion by
assimilating it into one of three molecules: ammonia, urea, or uric acid.
Ammonia contains one nitrogen atom per molecule, is very soluble, and
is highly toxic. Consequently, it requires large volumes of water for
excretion. Although urea contains two nitrogen atoms per molecule, is
quite soluble, and is less toxic than ammonia, it still requires significant
quantities of fluid for excretion. Uric acid is the least toxic of the three
molecules, has a very low aqueous solubility, and contains four nitrogen
atoms per molecule. Homer Smith (1953) calculated that to excrete the
nitrogen metabolized from one gram of protein in the form of urea would
require 20 ml of urine isosmotic to plasma. On the other hand, to excrete
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the same nitrogen in the form of uric acid would require only one ml of
urine isosmotic to plasma (Skadhauge, 1981).
Uricotelism (the excretion of nitrogen as uric acid) is considered by
most biologists to be a very efficient means for excreting excess nitrogen.
There are, however, certain drawbacks. Because of its low solubility
(solubility limit is 0.38 mmol/l) uric acid easily precipitates from solution
to form semi-rectangular crystals. Lengths of these crystals commonly
exceed 80 !.lm. The luminal diameter of renal tubules seldom exceed 15
!.lm. In uricotelic vertebrates, specifically birds, the concentration of uric
acid in ureteral urine is far greater than its solubility limit (Gibbs, 1929;
Dantzler, 1989; Boykin and Braun, 1992). However, when ureteral urine
from birds is examined microscopically, no crystals are found. Instead,
there are numerous spherical structures ranging in diameter from 0.3 to
15.0 !.lm (Braun and Pacelli, 1991). It has been shown in white leghorn
domestic fowl that these spheres are composed chiefly of uric acid (65%)
and protein (5%) (Braun and Pacelli, 1991).
I have observed that the supernatant fraction of ureteral urine from
birds (white leghorn, mourning dove, Gambel's quail) often contains in
excess of 3 to 5 mg protein/ml urine (Boykin and Braun, 1992).
Glycoproteins can form the structural matrices during biomineralization
processes and can enhance the solubility of uric acid (Katz and Schubert,
1970; McNabb and McNabb, 1979; Weiner, 1984; Weiner, 1985; Addadi and
Weiner, 1985; Simkiss and Wilbur, 1989). I hypothesized that avian
urinary protein is performing an analogous function during the
formation of urinary spheres. The goal of these studies was to test the
hypothesis that the protein found in avian urine serves to increase the
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solubility of uric acid and to package it into the spherical concretions,
rather than allowing the urate to crystallize and block or damage renal
tubules.
Historical Background: Renal Handling of Uric Acid
The first consideration in renal processing of any substance is whether
that substance is filtered at the glomerulus, and molecular size is a factor
when determining a substance's filterability. Simply put, if a substance is too
large it will not pass through the glomerular barriers and will not enter the
proximal tubule by filtration. Uric acid is a small molecule and should be
easily filtered. However, it is of interest to know if uric acid in the plasma is
"free", or whether it is bound in any form that would restrict its filtration.
Average values for the concentration of urate in the plasma of
humans, chimpanzees, chickens, and snakes are between 0.2 and 0.4 mmol/l
(Weiner, 1985). However, reports in the literature are conflicting as to
whether any urate is bound to plasma protein(s). It has been reported that
18% of the urate in chicken plasma is protein bound and the remainder is
ultrafilterable (Levine et al., 1947). Under physiological conditions human
serum albumin (5 g/100 ml phosphate buffer, pH 7.4) will bind approximately
20% of the urate that is in solution (Campion et al., 1973). In contrast, several
studies have indicated only minimal «5%) urate-protein binding in plasma
from rabbits (Beechwood et al., 1964), rats (Greger et al., 1974), guinea pigs
(Mudge et al., 1968), snakes (Bordley and Richards, 1933; Simkin, 1972), and
chickens (Shannon, 1938). Taken as a sum, the data supporting minimal
plasma binding outweigh the data supporting significant binding of urate.
The next point to consider in the renal processing of uric acid is whether
the concentration of uric acid in the ultrafiltrate is modified by the tubule
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processes of reabsorption and secretion. Depending on the species, both
processes can occur. In most mammals, with the exception of rabbits and pigs,
clearance measurements show that 95 - 99% of filtered urate is reabsorbed
(Weiner, 1985). In rabbits and pigs significant urate secretion occurs as well
(Roch-Ramel and Peters, 1978). There is no evidence of net reabsorption of
urate in birds, reptiles, or uricotelic amphibians that have been studied
(Dantzler, 1978, 1988). However, data from isolated, perfused snake proximal
tubules (Dantzler, 1973), and isolated, perfused avian proximal tubules
(Dantzler et al., 1991) that show a flux of urate from tubule lumen to bath
(reabsorption) that varies with the rate at which the tubules are perfused.
Interestingly, in both studies, during the measurement of the lumen-to-bath
fluxes, there was no measurable accumulation of urate in the tubule cells. This
is suggestive of a paracellular route of absorption. Whether this backflux is an
experimental artifact or actually exists in vivo has yet to be determined.
It is well documented that urate is secreted by the renal tubules of birds.

Gibbs (1929) was one of the first to suggest this when he observed that the
concentration of urate in chicken urine was much higher than in the plasma.
However, actual secretion of urate was first demonstrated in chickens by
Shannon (1938). He measured the simultaneous clearances of urate and inulin
and saw that urate clearance greatly exceeded that of inulin. The results of
Shannon were later substantiated by other studies on chickens (Nechay and
Nechay, 1959), on Peking ducks (Stewart et aI., 1969), and on the European
starling (Laverty and Dantzler, 1983).
Avian kidneys also have the capacity to synthesize uric acid. In nonfasted chickens, renal synthesis contributes at least 17% to the total secreted
urate (Chin and Quebbeman, 1978). Conversely, in chickens fasted for 18 hours,
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the contribution of renal synthesis to the quantity of uric acid secreted ranges
from negligible (Martindale, 1976) to 6-9% (Chin and Quebbeman, 1978).

After

reviewing the subject, Dantzler (1978) concluded that the significance of the
contribution of renally synthesized urate to the final secretion of urate has yet
to be determined. I have found nothing in more recent literature to contradict
that conclusion.
Urate is an organic anion, and renal transport of organic anions has
often been studied using the "model" organic anion, p-aminohippurate (PAH).
P AH transport has been well characterized, and the basic model for urate
transport is very similar to the one first proposed for the secretion of P AH
from isolated, perfused renal tubules of rabbits (Tune et al., 1969). The model
can be summarized as follows: PAH is transported into the proximal tubule
cell across the peritubular cell membrane against an electrochemical gradient.
This is the so-called "active" step. Active transport across the peritubular
membrane results in an increase in the intracellular concentration of P AH.
The combination of the relatively high intracellular PAH concentration and its
negative charge form the electrochemical gradient that permits the passive
movement of PAH from the cell into the tubule lumen.
Although urate transport resembles that of PAH in the basic model,
important differences in the transport of the two ions have been found. These
differences were summarized by Dantzler (1988): 1) The passive permeability of
the luminal membrane to urate is significantly lower than that of the
peritubular membrane (Dantzler, 1976), a situation that is opposite of the
permeabilities of PAH. In contrast to PAH transport, 2) transport of urate at the
peritubular membrane appears to be a function of the presence of perfusate (or
glomerular filtrate) in the tubule lumen (Dantzler, 1973), 3) the rate of
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perfusion affects the net secretion of urate (Dantzler, 1973), and 4) there is a
demonstrable flux of urate from the tubule lumen to the bath that varies with
perfusion rate (Dantzler, 1973). 5) The Km for urate is more than ten-fold
higher than the Km for PAH (Dantzler, 1973). 6) PAH transport is sodium
dependent, but in isolated perfused snake tubules, urate transport is not
dependent upon sodium (Randle and Dantzler, 1973). However, there is
evidence that urate transport is sodium dependent in chicken kidney slices
(Dantzler,1969). In that study it appeared that sodium was necessary for
transport of urate at the peritubular membrane. 7) PAH uptake is mediated,
and there is no evidence that the transport of urate from the cell to the lumen
is mediated. This is supported by the observations that neither unlabeled urate,
probenecid (Dantzler and Bentley, 1979), or SITS (Mukherjee and Dantzler,
1985) affected the movement of radio-labeled urate from the cell to the tubule
lumen. Finally, 8) urate and PAH secretion most likely occur via separate
transporters as the transport of one does not effect the other (Dantzler, 1978).
At this point it is relevant to add that the nephrons of the snake
(Dantzler, 1967) and the cortical nephrons of the bird (Braun and Dantzler, 1972;
Braun, 1978) function intermittently. As suggested by Dantzler (1982, 1988) the
combined effect of the phenomena listed above as points 1-4 may be to prevent
the accumulation of urate inside tubule cells or within the tubule lumen when
nephrons are not filtering. This suggests a very interesting point. It appears
these animals have evolved mechanisms that prevent tubule concentrations of
urate from becoming exceedingly high. On the other hand, the concentration
of uric acid in the supernatant fraction of avian urine is often an order of
magnitude higher than the solubility limits of both uric acid and urate salts.
Therefore, in addition to the protective mechanisms suggested by Dantzler
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(above) there must be something else occurring in avian tubule fluid (and
probably in reptilian tubule fluid) to prevent the formation of damaging
crystals. To my knowledge, no one has attempted to determine the chemical
form of uric acid as it is being transported from the peritubular capillaries to the
cellular milieu to the tubule lumen. Furthermore, no one knows what in the
tubule fluid allows the concentrations of urate to reach such high levels.

Composition of avian urine:
Paton (1909) was among the first to report that avian ureteral urine
. consists of both an aqueous and a solid component. Gibbs (1929) described it
as "thick and sticky", and it was described in more detail by Young and Dreyer
(1933) as being "highly viscous" and containing "whitish masses". Gibbs
referred to the solid component as "solid uric acid" and Young and Dreyer
said the whitish masses were sodium urate; neither study provided evidence
to substantiate these statements. Long and Skadhauge (1983b) further
described the urine of the domestic fowl as having "clear" supernatant with
"gray-white to yellow" precipitates. They provided light micrographs
showing that the precipitate consisted of small spherical concretions ranging
in diameter from "a few to 10

~m".

It is frequently stated that the major

component of the white precipitated fraction of urine is uric acid dihydrate.
Most of these statements are based on the findings of Lonsdale and Sutor
(1971). It should be pointed out that not everyone agrees with Lonsdale and
Sutor, and I will present the details below. However, I will first address the
composition of the aqueous phase of ureteral urine. As it is easily isolated
from the solid component, I will refer to the aqueous phase as "supernatant
urine" or simply "supernatant".
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Supernatant Phase:
There are few data in the literature describing the nature of
supernatant urine, and these concern mainly osmolality. The osmolality of
the supernatant varies considerably and is dependent on the hydration state
of the bird, the species, and its ecology. There are numerous data available for
maximum osmolalities. These values are as high as 2000 mosm/kg H20 in
the salt marsh Savannah Sparrow (drinking 0.6 M NaCI; Poulsen and
Bartholomew, 1962), and 1005 mosm/kg H20 in Zebra finches (dehydrated 2-3
days; Skadhauge, 1974). It should be noted, however, that in both of the above
studies, the liquid fraction of cloacal droppings was analyzed, and not ureteral
urine. As ureteral urine enters the cloaca, it mixes with the contents of this
chamber, and its osmolality can be altered. A more representative value for
the osmolality of the urine of the Zebra finch may be taken from the data of

.
-- .
Goldstein and Braun (1989). In these studies Zebra finches were dehydrated
--.~,.

144 hours and urine was collected directly from the ureters. The osmolality of
supernatant urine reached an average of 865 ± 83 mosm/kg H20.
Furthermore the osmolality of ureteral urine collected ("in the field") from
salt marsh Savannah sparrows averaged about 575 mosm/kg H20 (Goldstein
et aI, 1990).
The osmolality of ureteral urine in normally hydrated birds is
infrequently documented. In the house sparrow, European starling, desert
quail, mourning dove, and the white leghorn chicken the osmolality of
ureteral supernatant urine is generally 50 - 80 mosm/kg H20 higher than that
of the plasma (Goldstein and Braun, 1986; 1989). These observations are in
accordance with the findings of Bindslev and Skadhauge (1971) that showed

17
the epithelia of the colon of the chicken able to reabsorb water against an
osmotic gradient of 100 - 180 mosm/kg H20.
The electrolyte content of ureteral supernatant urine has not been fully
characterized, and data from the literature are relatively sparse. In eight
normally hydrated house sparrows, values for Na+ and K+ were 86.5 ± 13.5
and 60.5 ± 16.0 mEq/l, respectively (Goldstein and Braun, 1986). In 15 White
Plymouth Rock hens fed a commercial laying mash, the Na+ and K+ values
were 104.3 ± 6.7 and 29.7 ± 2.8 mEq/l, respectively (Long and Skadhauge,
1983a). It appears there is a large range in normal values for Na+ and K+ in
avian urine, perhaps the variability is due to fluctuations in dietary intake.
The pH of ureteral urine is generally slightly acidic to slightly alkaline,
but can range from 5 to 10 on the pH scale (Walbach, 1955; Long and
Skadhauge, 1983a; personal observation). In domestic chickens it is usually
between 6 and 7 (Young and Dreyer, 1933; Walbach, 1955; Long and
Skadhauge, 1983a).
It is well documented that uric acid can reach concentrations in

supernatant urine far in excess of the aqueous solubility limits of uric acid
(0.38 mmol/l), or urate salts (Na-urate, 6.8 mmol/l; K-urate, 12.1 mmol/l).
Moreover, the concentration of urate in ureteral supernatant is highly
variable and has been shown to be correlated with the pH of the urine, which
is in turn correlated with the diet of the bird (Long and Skadhauge, 1983a). In
that study domestic chickens were placed on high and low protein diets. The
pH of urine from the low protein diet birds was 6.1 ± 0.14 (n=28) and the pH of
urine from birds on the high protein diet was 5.12 ± 0.06 (n=5). The
concentration of urate in supernatant was 17.2 ± 2.4 mmol/l in the low
protein birds and 6.4 ± 0.7 mmol/l in the high protein animals; both
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differences were significant

(p~

0.001). Thus, it was suggested that as urinary

pH decreased so did the amount of urate in supernatant urine. These results
were similar to earlier reports on male domestic fowl (McNabb et al., 1973a;
McNabb, 1974).
There are also a few data available for birds on "normal" diets.
McNabb and Poulsen (1970) found that domestic pigeons maintained on
cracked corn and mixed seeds produced ureteral urine with urate
concentrations ranging from 124 - 588 mg% (7.38 - 35.0 mmol/l).
Though it is accepted that uric acid exists in a supersaturated state in
supernatant urine, its exact physical and chemical state is uncertain."
It was first suggested that the urate may be in a colloidal suspension when
Gibbs (1929) reported supersaturated concentrations of urate in the urine of
chickens. Young and Dreyer (1933) tested this hypothesis using ultrafiltration
techniques and concluded that in "relatively dilute" supernatant urine
approximately 20% of the urate is non-filterable and is therefore in colloidal
form. Young and colleDgues have also shown that urate could be made to
form gels, or colloids, in vitro (Young and Musgrave, 1932), and that
electrolytes such as NaCl facilitate these formations (Young et al., 1933).
Porter (1963a,b) has documented the ability of urate to form colloids in vitro
and gives further evidence that urate can exist in both colloidal and ionic
states in the suspensions.
The work of Porter (1963b) also suggests that the concentrations of Na+
and K+ in the most dilute of urines may be sufficient to place restrictions on
"Until now, I have been using the terms uric acid and urate interchangeably. I will now use the
term uric acid only when referring to the fully protonated molecule, and the term urate to refer
to the anionic form. It should also be noted that at the average pH of supernatant urine, it is
the anionic form of the uric acid molecule that will dominate, as the Pka1 of uric acid is 5.75
(Bergmann and Dikstein, 1956; Hitchings, 1978).
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the amount of urate that can exist in ionic and colloidal states. However, he
went on to find that in the urine of dogs and man, colloids served to keep
urates in suspension under conditions that would otherwise cause the urates
to precipitate from solution (1964; 1966a). The average levels of these
protective colloids were 91.9 mg/l of urine from man (n=7) and 92.4 mg/l of
urine for dog (n=2). In man 52.9 mg/l of the 91.9 mg/l was protein and in dog
56.7 mg/l of the 92.4 mg/l was protein. In both man and dog the protein
component consisted of 60-70% albumin. The remaining 30-40% consisted of
proteins that reacted positively to antibodies for serum alpha 1 and 2, beta 1
and 2, and gamma globulins. There were other proteins that did not react
with serum antibodies and Porter suggested these may be components specific
to the urinary tract. Most of these components stained positive with Schiff's
periodic acid stain (PAS; for glycoprotein) and Alcian blue (for acid
mucopolysaccharide). Porter's explanation for the action of the protective
colloids can be summarized as follows. The colloidal urates are lyophobic
(i.e., unstable) and the protective colloids are lyophilic. When the protective
colloids interact with the urates their stabilizing properties are conferred to
the urates, such that the urates remain in solution.
It is known that the collecting ducts and ureters of birds contain
mucoid materials that could serve as protective colloids (Porter, 1964; 1966a).
The collecting duct epithelia of domestic fowl contains numerous goblet cells
and the lumina of the ducts contain mucoid materials (Monis and Longley,
1955). Moreover, studies on doves and canaries (Longley et al., 1963), and
feral pigeons (McNabb et al., 1973b) support the findings of Monis and
Longley (1955). In doves and canaries, all collecting ducts contained acid
mucopolysaccharides and glycoproteins (Longley, et al 1963), and in pigeons it
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was shown that the ureter, as well as collecting ducts, contained similar
proteins (McNabb, 1973b).
Even though it was known that avian collecting ducts and ureters (and
therefore, the urine) contained glycoproteins and acid mucopolysaccharides, it
was not until 1970 (McNabb and Poulson) that it was suggested these proteins
may serve as the avian counterparts of the protective colloids found by Porter
in Dalmatian dogs and man (1964; 1966a). Based on the previous findings of
Porter (1963b), McNabb (1974) concluded that the amounts of sodium,
potassium, and hydrogen (pH) normally found in avian urine were sufficient
to exceed the flocculation limits of lyophobic urate colloids. He suggested
that there must be some type of stabilizing lyophilic colloid in avian urine,
perhaps the mucoids (McNabb et al., 1973b).

Solid Phase:
As mentioned above, in addition to supernatant, avian urine also
consists of a solid phase. Until 1969 it was generally accepted that the solid
was either uric acid or urate salts. It was reported that this phase of the urine
consisted of small (8 - 10 11m diameter) spherical structures (Folk, 1969).
Further, these structures readily dissolved in dilute acids and water. Soon
after the spheres dissolved there appeared small "platy" crystals that had the
optical properties of uric acid. As uric acid and urate salts are only sparingly
soluble in water or weak acids, it was concluded that "the soluble spheres in
bird urine cannot be uric acid when they are excreted" (Folk, 1969). To
support this conclusion, x-ray diffraction studies were performed on the
precipitate. The patterns showed a single, very sharp peak at 3.20 - 3.23

A but

did not show the other peaks characteristic of uric acid, uric acid dihydrate, or
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sodium urate. Ultraviolet spectrophotometry showed the spheres to contain
the urate radical but was not helpful in determining to what it was bound
(Folk, 1969). Thus, Folk maintained that the precipitates were not composed
of insoluble uric acid as consistently reported in the literature.
These findings were adamantly refuted. Arguments were based on the
fact that the most accurate method of measuring uric acid in bird urine
(enzymatic digestion) repeatedly showed the spheres to be composed lc::gely
of uric acid or urate salts (Poulson and McNabb, 1970). In defense, Folk (1970)
restated his question. He asked whether the precipitate is "actually excreted as
insoluble uric acid", or is it excreted as "soluble urates" and then transformed
into uric acid by the chemist during preparation for analysis. He restated his
observation that after the spheres dissolve, uric acid crystals precipitate. He
then suggested that the "drastic wet chemical method" of analysis did the
same thing; i.e., convert the substance of the spheres into uric acid. Folk
stated that the most accurate method to analyze the precipitate would be by xray diffraction of fresh, untreated samples. When this is done, the diffraction
pattern of uric acid is not seen. Folk challenged biologists to "prove by x-ray
diffraction" that uric acid predominates in bird urine.
Lonsdale and Sutor (1971) took Folk's challenge. They analyzed by xray diffraction fresh, white precipitate and the crystals formed after the
spheres dissolve. The pattern given by the crystals was identical to the pattern
for uric acid dihydrate. However, the pattern given by the spheres was not
different than that described by Folk (1969; 1970). Spheres give a single
dominant peak that is similar to the strongest peak seen in the pattern of uric
acid dihydrate, but none of the other peaks of uric acid dihydrate are seen in
the pattern from the spheres. Folk interpreted the data to mean the spheres
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did not contain predominately uric acid dihydrate; however, Lonsdale and
Sutor suggested there was sufficient similarity between the two patterns to
conclude that the spheres consist of uric acid dihydrate bound in a disordered
crystalline form by a "minor component" of "soluble material". Thus, when
placed in a solvent the minor soluble constituent is removed and the
disordered uric acid dihydrate readily transforms to ordered plate-like crystals.
That is where the argument ended, and the actual form in which the
urate is excreted by the bird remained unsettled. Given that urine pH is
between the two pKa's of uric acid (pKal = 5.75, pKa2 = 10.5; Bergmann and
Dikstein, 1956; Hitchings, 1978), and the results of Folk's ultraviolet
spectrophotometer analysis (1969; showed the urate radical was present in
spheres), it seems logical to suggest that urate exists in anionic form in both
the supernatant and the solid fractions of urine. It should also be noted that
when analyzing the concentration of urate (or uric acid) in urine, whether it
is uric acid, urate salts, or uric acid dihydrate being measured is of no
consequence. Most data are obtained by reading ultraviolet absorbance (292
nm) before and after uricase digestion. Uricase attacks the purine ring of the
uric acid molecule, negating its UV absorbance. The actions of uricase are the
same whether the molecule is a urate salt, uric acid, or uric acid dihydrate.
An analysis of the composition of the spherical component of avian
urine has been documented only once (Braun and Pacelli, 1991). That study
showed the average diameter of the spheres to be 3 /lm. Analysis of dried
pellets of spheres showed that they consisted of 65% urate, 4.1% protein, and
0.46% carbohydrate. X-ray microanalysis showed a sharp peak for the
presence of calcium (Ca++), and chemical analysis suggested Ca++ is 2% of
the sphere mass. The protein components were analyzed with SDS-PAGE.
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Two principle proteins with molecular weights of 26 and 79 kDa were found.
In support of the findings of Braun and Pacelli, I will discuss several studies
performed on similar spheres found in other uricotelic animals.
It has long been known that the fat bodies of insects can contain

spherical urate granules. The fat body of the silkmoth (Hyalophora cecropia)
contains urate granules that are from 1 - 8 /.lm in diameter. Analysis of these
granules show that they consist of less than 1% nucleic acids, 75% urate, and
24% protein (Tojo et al., 1978). Moreover, Mullins (1979) has isolated "uric
acid spherules" from the fat body of three species of cockroaches. The
diameter of the spheres ranged from 1 - 40 /.lm. They consisted of 58% urate,
4.2% non-urate nitrogen, 4.9% potassium (K+), and 0.9% sodium (Na+),
leaving 32% of the sphere composition unknown. Infra-red spectra of the
spherules were compared to spectra for uric acid dihydrate, uric acid
monohydrate, monoammonium urate monohydrate, monosodium urate
monohydrate, monopotassium urate monohydrate, disodium urate, and
dipotassium urate. Results showed that the spectra of the spherules
resembled monopotassium urate most closely, but no exact match was found.
A detailed analysis of the urate granules from fat bodies of tobacco
hornworms (Mandllca sexta) was recently reported (Buckner et al., 1990).
These granules were 0.5 - 2.0 /.lm in diameter. On a dry weight basis, the
granules consisted of 75 - 78% urate, 4 - 5% protein, 0.4 - 0.6% carbohydrate, 3 4% water (determined gravi-metrically), and 0 - 0.5% lipid. The protein
component was analyzed with discontinuous SDS PAGE and stained with
Coomassie Brilliant blue. Several bands were apparent that ranged in size
from 45 - 150 kDa and stained positively for carbohydrate. Analysis showed
the most abundant amino acids to be aspartic acid and glutamic acid. Taken
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with the results of carbohydrate staining, the proteins are probably acidic
glycoproteins. Finally, atomic absorption trace elemental analysis of the
granules showed them to contain 6.7% K+, 0.5% Na+, and Ca++, sulfur, and
phosphorous each composing less than 2% of the total elements analyzed.
The presence of spheres in ureteral urine of lizards and snakes (eight
species of each) was first demonstrated by Minnich and Piehl (1972). The
spheres in all samples ranged in diameter from 2 - 10 Ilm. Based on
measured concentrations of K+, Na+, ammonium (NH4+), and urate (88% of
total precipitate mass), Minnich (1972) concluded that the spheres were
composed chiefly of urate salts. The most abundant salt present in the
spheres appeared to be dependent on the diet of the animal. For example, in
herbivorous reptiles, approximately 68% of the urate in pellets was suggested
to be monopotassium urate, and in snakes, it was suggested to be 74%
monoammonium urate. Unfortunately Minnich did not analyze the spheres
(or urine) for protein or amino acid content. It was noted, however, that all
reptilian urine samples analyzed were mucoid in nature (Minnich and Piehl,
1972; Minnich, 1972).
From the data presented thus far it is reasonable to conclude that
uricotelism is correlated with the production of urine containing small
spherical precipitates composed of urate, electrolytes, and protein. Further, it
seems that these components act in concert to "package" urate into the small
spherical structures. Assuming the urate, electrolytes, and protein to interact
in such a way that the urate is bound into spheres rather than forming
crystals, also assumes that urate is capable of binding to electrolytes and
protein. Urate can, and does, bind electrolytes to form urate salts, and there is
additional evidence that urate can bind to protein.
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U ra te-Protein interactions:
In previous sections, data were reviewed that indicate urate could bind
to plasma proteins and that certain proteins may serve as protective colloids
to prevent urate from crystallizing in supersaturated suspensions. Additional
evidence for the presence of a urate-binding protein comes from studies on
human plasma. A substance rich in uronic acid and hexosamine and credited
with urate binding capabilities has been isolated from human serum (Katz
and Ehrlick, 1968). Similarly, a urate-binding glycoprotein with a molecular
weight of 67,000 Da was also isolated from human plasma and purified
(Aakesson and Alvsaker, 1971). There is a distinct possibility that the two
groups detected the same protein, but this has not been discussed in the
literature. Further evidence for urate-protein interactions can be taken from
the literature on renal calculus formation.
The most widely studied protein compounds shown to interact with
urate are the proteoglycans (Thorn and Resnick, 1983, for review).
Proteoglycans consist of a protein backbone bound by many
glycosaminoglycans (GAGS). GAGS are long, polyanionic, polysaccharide
chains containing sulfate groups at specific locations along the chain. Thus,
the proteoglycan is a large, flexible, negatively charged molecule. Further,
when in solution, the molecule may occupy large volumes and have ample
opportunity to interact with other molecules. One such molecule is urate.
Proteoglycans isolated from bovine nasal cartilage have been shown to
increase the solubility of monosodium urate in buffer (0.021 M KP04, 0.130 M
NaCI, pH 7.4, 4°C) from a control value of 5.7 mg/100ml to 25.5 mg/100ml
(Katz and Schubert, 1970). Support for the notion that the increase in urate
solubility was due to a binding effect comes from the same study. When
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trypsin was added to the supersaturated urate solution, crystal precipitation
occurred and the amount of urate remaining in solution returned to control
values. It was further determined that over 60% of the GAG component of
the proteoglycan was chondroitin sulfate. Chondroitin sulfate has been
shown to reversibly bind sodium urate, a process that is significantly
enhanced in the presence of Ca++ (Fellstrom et al., 1986). It has also been
shown that chondroitin sulfate can bind Ca++, but only when chondroitin
sulfate is bound to the protein backbone of a proteoglycan (Woodward and
Davidson, 1968). It was suggested by Woodward and Davidson that the
protein backbone was necessary to provide the spatial relationship between
the bound GAGS (chondroitin sulfate) that is necessary to allow Ca++
binding.
When the results of the experiments of Katz and Schubert, Fellstrom et
al., and Woodward and Davidson (1970, 1986, 1968) are considered as a whole
they strongly suggest that the proteoglycan can bind urate via an interaction
with Ca++. Perhaps the long, negatively charged GAGS on the proteoglycan
attract and bind Ca++, allowing the positively charged Ca++ to attract urate
anions, hold them in solution, and thereby allow urate to exceed its aqueous
solubility limit.

Summary:
Evidence has been presented that shows the following. 1) urate
concentrations found in avian urine often greatly exceed the aqueous
solubility limits of uric acid and all known urate salts, 2) when urate leaves
solution in avian urine it does not enter the crystalline state of uric acid, but
is packaged into small spherical particles, 3) there is a large amount of
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negatively charged glycoprotein in avian renal tubules and urine, and 4) urate
is capable of interacting with negatively charged glycoproteins (proteoglycans).
It was a consideration of these points that led to the formation of the

hypothesis stated in my "Statement on Purpose". Further support for the
hypothesis is presented in the following chapters.
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Chapter Two: Protein-urate Relationships in Avian Urine

Abstract:
We have reported that avian urine contains large quantities of protein
(Boykin and Braun, 1992) and suggested that it may serve a function in the
excretion of the uric acid. In an attempt to test our hypothesis, the
composition of avian urine was analyzed. The analyses showed that ureteral
urine collected from 48 domestic fowl contained an average of 2.7 mg/ml
protein and 8.8 mmol/l uric acid. Linear regression analysis indicated that
the amount of protein in urine is correlated with the amount of uric acid
present (r2

= 0.80, P < 0.005), suggesting a functional

relationship. Equilibrium

dialysis of untreated urine and of urine treated with protease indicate that
protein is capable of holding uric acid in solution, a process that may involve
calcium as well. Together, our data support our hypothesis and indicate
urinary protein is necessary to excrete the uric acid produced by uricotelic
vertebrates.

Introd uction:
Through dietary intake and metabolism of protein, most organisms
produce excess nitrogen that must be excreted. The three major nitrogen
excretory products formed are ammonia, urea, and purines such as uric acid
or guanine. Ammonia is quite toxic and must be diluted with large volumes
of fluid for excretion. Consequently, most ammonoteles are aquatic.
Terrestrial animals have limited access to water, necessitating the evolution
of different means of nitrogen excretion. Urea is less toxic and has twice the
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nitrogen per mo1cule as ammonia. Because of its lower toxicity, urea can be
concentrated in excretory fluids, such as urine, and water can be conserved.
Most mammals and amphibians are ureotelic.
In vertebrates, the excretion of excess nitrogen as uric acid is thought to
have evolved in conjunction with species whose young develop in cleidoic
(shelled) eggs. The embryo inside the shell has a finite amount of fluid, and
no way of removing toxic waste products from its immediate environment.
Excreting nitrogen in the form of a compound that has a very low aqueous
solubility would be evolutionarily advantageous in such a situation. Uric
acid is very insoluble in water (0.384 mmol/l) and each molecule of uric acid
contains four nitrogen molecules. Thus, excess nitrogen produced by the
embryo can be converted to uric acid, which precipitates from solution to
form solids that do not intoxicate the embryonic fluids. Many insects, and
most birds and reptiles have evolved this form of nitrogen excretion. We are
particularly interested in the mechanisms that facilitate the excretion of uric
acid by birds.
The chemical structure of uric acid is shown in Figure 1. Uric acid is a
purine with four nitro gens per molecule, at the I, 3, 7, and 9 positions and has
two ionization constants, one at pH 10.3 and one at pH 5.8 (Bergmann and
Dikstein, 1956; Hitchings, 1978). Thus, at physiological pH the hydrogen from
the 9 position dissociates (Bergman and Dikstein, 1956) giving the molecule a
net negative charge. As already mentioned, uric acid is very insoluble and
easily precipitates from solution. Figure 2a is a scanning electron micrograph
(SEM) of crystals formed when uric acid falls from solution. The crystals can
easily exceed 80 /lm in length.
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Once uric acid is formed in the liver, it is the kidney (or analogous
organ) that removes it from the blood (or analogous fluid) into urine for
excretion. Three tubular processes could affect the concentration of uric acid
within the proximal portion of the nephron. First, filtration at the
glomerulus, second, secretion by the epithilial cells of the proximal tubule
(Dantzler, 1978, 1988, for reviews), and third, reabsorption of water from the
fluid within the proximal tubule (two-thirds of the filtered water is
reabsorbed by the proximal tubule). The reabsorption of water, while the
filtered and secreted uric acid remain within the tubule, greatly increases the
concentration of uric acid in the tubular fluid. These conditions should favor
the precipitation of uric acid from the tubular fluid.
A cross section of an avian proximal tubule (Gambel' quail) is shown
in Figure 2b. The luminal diameter is about 10 11m, much smaller than the
uric acid crystals, that can easily exceed 80 11m in length (Fig 2a). Obviously
uric acid cannot be allowed to crystalize or the tubules would be blocked and
damaged. The urate does eventually fall from solution within the nephron,
but it does not form crystals. Instead, small spherical structures such as those
seen in Fig. 3a are formed. These spheres are found in avian urine as it exits
the ureters. They range in diameter from < 0.5 11m to about 13 11m and are
composed chiefly of uric acid (65%) and protein (5%) (Braun and Pacelli, 1991).
When they are removed from the urine and placed into distilled water, the
spheres rapidly dissolve and are replaced by uric acid crystals (Fig 3b). The
rapid transition from sphere to crystal suggests the spherical form of urate is
less energetically favorable than the crystalline form.
Not all of the uric acid in avian ureteral urine is in the spheres. The
urine also has a liquid phase and the concentration of uric acid in it exceeds
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solubility limits for uric acid (Boykin and Braun, 1993). Thus, something in
the urine is aiding in the excretion of uric acid by both increasing the
solubility of uric acid and preventing it from forming potentially damaging
crystals.
Protein is also present in the spheres (5% dry wt; Braun and Pacelli,
1991) and coincident with the high concentration of uric acid in the liquid
phase of avian urine are large amounts of protein (Boykin and Braun, 1993).
The purpose of this study is to investigate the possibility that the protein
found in both the spheres and liquid phase of avian ureteral urine facilitates
the increased solubility of uric acid and the formation of the uric acid
containing spheres.

Methods:
All analyses reported here were performed on ureteral urine collected
from White leghorn domestic fowl (male and female). Ureteral urine was
collected from restrained, unanesthetized birds using a cannula designed to
prevent fecal contamination of the urine. The terms ureteral urine and urine
are used interchangeably here and both refer to urine collected directly from
the ureters.

Urine composition: The total number of urine samples analyzed was 48,
except for calcium, which was 12. Before analyses, the urine was centrifuged
at 10,000 G for 10 min to remove the uric acid spheres. The supernatant was
removed from the pellet of spheres and was analyzed and labelled
"supernatant urine" and will be referred to as that in the data that follow.
All analyses of samples were run in duplicate. The osmolality of urine
was determined using a Wescor vapor pressure osmometer. pH was
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measured with a Physitemp pH meter, sodium and potassium concentrations
were determined by flame photometry (IL 443), and calcium was measured by
atomic absorption spectrophotometry. Uric acid concentration was evaluated
colorimetrically (uricase) and protein was determined by the Lowry method
(Biorad).

Equilibrium dialysis:

In two sets of experiments, 1 ml of urine (without

spheres) was placed in dialysis tubing (MW cutoff 3500Da, Spectrapore) and
dialyzed against 1 L of distilled water for 48 hr (changed once at 24 hr). Three
separate dialyses were performed on urine alone, and three were performed
on urine first treated with protease (proteinase K, 1 mg/ml; 1 hr, 25° C). The
dialysis was carried out in plastic beakers to prevent leaching of calcium to the
bathing medium from the glass.
SDS PAGE: Our gels were 12% acrylamide and measured 11cm x 14cm x
1.5mmol/1. They were fixed in methanol and acetic acid (40% methanol, 5%
acetic acid) and stained in Coomassie Blue using a standard protocol. Samples
were prepared and loaded so that there were 50 to 100 Ilg protein per lane.
Urine and sphere protein samples were dialyzed first (distilled water,
overnight, 3000 Da cutoff for membrane), to remove as much uric acid from
the samples as possible.

Results:
The composition of the ureteral urine of white leghorns (n
calcium, all others, n

= 48) is presented in Table 1.

= 12 for

Electrolyte content was

highly variable, with a trend for more Na+ in the urine than K+ (Na+, 84.84
mEq/l; K+, 54.2 mEq/I). Mean urine osmolality was about 450 mosm/kg H20,
giving a U /P ratio (urine to plasma ratio) of about 1.5. pH was nearly always
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between 6 and 7 and Ca++ averaged 2.5 mmol/l. Uric acid concentration
averaged 8.78 mmol/l (23 times higher than its aqueous solubility limit) and
protein concentration in the supernatant ureteral urine averaged 2.7 mg/ml
(range was < 1 to 15.8 mg/ml).
The protein constituent of the supernatant urine as analyzed by SDSPAGE and stained with Coomassie blue is shown in Figure 4. Lane 1 is urine,
lane 2 is plasma, and lane 3 are molecular weight standards. The most
intensly staining band in the urine and plasma samples represents a protein
with a molecular weight of about 68 kDa. Note the interesting similarity in
the staining pattern of urine and plasma, suggesting similar proteins in both
samples.
A linear regression on the concentration of uric acid and protein in the
urine of the samples presented Table 1 was performed and the data are plotted
in Figure 5. The analysis shows a strong positive correlation (r2

= 0.802, P <

0.005) between the concentration of uric acid and the concentration of protein
in the urine, suggesting a functional link between the two variables.
The data obtained from the equilibrium dialysis experiments are
presented in Tables 2a, b. When supernatant urine is dialyzed against
distilled water, the pH, osmolality, sodium and potassium equlibrate across
the membrane. Contrastingly, calcium and uric acid levels remain elevated
within the tubing. This suggests the protein may be binding, or in some other
way, holding the calcium and uric acid in solution. To test this possibility,
supernatant urine was treated with protease before dialysis. Data from these
experiments are presented in Table 2b. Note that now all constituents
measured except protein equilibrated across the dialysis membrane.
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Discussion:
The purpose of our study was to determine if there is a relationship
between the levels of uric acid and protein normally found in avian urine.
We have suggested that the protein in the urine aids in holding uric acid in
solution, and also plays a role in the formation of the uric acid spheres in the
urine.
Our analytical values for electrolyte content and osmolality of ureteral
urine from chickens are well within the range of values reported in the
literature for birds (Walbach, 1955; McNabb and Poulson, 1970; McNabb, 1973,
1974; Long and Skadhauge, 1983; Goldstein and Braun, 1986; 1989). We find
no data in the literature that reported quantitatively on the protein present in
avian urine. There are however, qualitative reports that the lumina of
collecting ducts and ureters of several birds contain acidic glycoproteins
(Monis and Longley, 1955; Longley et aI, 1963; McNabb, 1973b). Presumably
urine was also present in the lumen of these renal tubules so it may be
possible that the investigators were looking at what we are referring to as
urinary proteins.
Our data from dialysis experiments (Tables 2a, 2b) strongly suggest that
the urinary protein is capable of holding both uric acid and calcium even
when conditions would favor the release of these two ions (equilibrium
across the membrane). Because the protease treatment caused urate and
calcium to equilibrate, it is difficult to interpret the data otherwise. This also
supports our hypothesis that the protein is aiding in holding avian urinary
urates in solution.
We are not the first to suggest that protein is capable of interacting with
urate. A urate-binding glycoprotein of 67 KDa has been isolated and purified
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from human plasma (Aakesson and Alvasaker, 1971) and interactions of
urate with proteoglycans (PG) have been well studied (Thorn and Resnick,
1983, review). PG are proteins bound by long, polyanionic, polysaccharide
chains, termed glycosaminoglycans (GAG). PG isolated from bovine nasal
cartilage increases the solubility of sodium urate by five fold, a result that is
eliminated by the addition of trypsin (Kayz and Schubert, 1970).
Chondroitin sulfate, a common type of GAG, was found to make up
over 60% of the GAG component of the PG used in the study of Katz and
Schubert (1970). Chondroitin sulfate has also been shown to reversibly bind
urate, and when calcium is present, the binding increases (Fellstrom et al.,
1986). Our data also suggest that calcium may be involved in the urateprotein interactions (Tables 2a,b).
Additionally, while studying urates in urine from dogs and men,
Porter (1964, 1966) reported that there were colloidal proteins (about 90 mg/l
for both species) in the urine that served to keep urate in solution under
conditions that would otherwise cause it to precipitate. Futher, he reported 60
- 70 % of the proteins was serum albumin (1966).
We are currently in the process of identifying the urinary and sphere
proteins. We suspect that they may be of plasma origin, perhaps even filtered
at the glomerulus. Support for our claim of their (possible) origin can be
taken from the data in Figure 3. There is striking similarity in the staining
patterns for the multiple proteins in the urine and in the plasma. We feel
this similarity is more than coincidence. Further, because the energetics that
would be involved in secreting large proteins, glomerular filtration would be
a likely alternative. However, this has yet to be demonstrated.
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In summary, our data suggest there is a relationship (perhaps even
obligatory), between the uric acid and the protein found in ureteral urine
from domestic fowl. The protein is in both the supernatant urine and in the
uric acid spheres, and appears to aid in keeping urates in solution until
sphere formation occurs.
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Table 1: Composition of supernatant ureteral urine from white leghorn domestic fowl.
Data are expressed as mean ± standard deviation. For calcilum n=12, for all others n=48.
pH

Osmolality
(mosm/Kg
H2O)

Na+
(mEq/L)

K+
(mEq/L)

6.65
±0.88

430.2
± 63.98

84.84
± 27.46

54.2
± 21.08

Urate
Ca++
(mmol/l) (mmol/l)

2.55
± 1.03

8.78
±5.34

Protein
(mg/ml)

2.67
±3.03

Table 2a: Equilibrium dialysis of supernatant ureteral urine. Data are means
± standard deviation, n = 3.
pH

Osmolality
(mosm/Kg
H2O)

Na+

Dialyzed Urine

5.12
±0.04

35.0
±2

0.65
±0.02

0.52
±0.08

Bathing medium

5.18
±0.03

33.5
±3

0.625
±0.035

0.62
±0.1

Urate

Protein
(mg/ml)

0.34
±0.05

1.32
±0.6

1.58
±0.6

0.0025
±0.001

0.03
±0.01

0

K+
Ca++
(mmol/l)

Table 2b: Equilibrium dialysis of supernatant ureteral urine pretreated with protease.
Data are means ± standard deviation, n = 3.
pH

Osmolality
(mosm/Kg
H2O)

Na+

Dialyzed Urine

5.14
±0.02

39.0
±3.1

0.78
±0.03

Bathing medium

5.16
±0.03

35.2
±2.6

0.72
±0.045

K+
Ca++
(mmol/l)

Urate

Protein
(mg/ml)

0.63
±O.ll

0.13
±0.02

0.29
±0.06

1.32
±0.6

0.59
±0.14

0.14
±0.04

0.30
±0.03

0
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Figure legends:

Figure 1: Chemical structure of uric acid, indicating the positions of the four
nitrogen atoms in the molecule.

Figure 2: A) Scanning electron micrograph of crystals that form when uric
acid falls from solution in vitro. B) Transmission electrom micrograph of a
transverse section of a proximal tubule from a quail nephron.

Figure 3: Scanning electron micrographs of uric acid spheres that form in
avian urine (A) and of uric acid crystals that form when the spheres are
dissolved in water (B).

Figure 4: SOS PAGE, stained with Coomassie Blue, of samples collected from
white leghorn domestic fowl. Lane 1) urine, lane 2) plasma, lane 3) molecular
weight standards. 68,000 Oa is the estimated molecular weight of the darkest
staining band of the urine and plasma proteins.

Figure 5: Linear regression between the amounts of protein and urate in
ureteral urine collected from domestic fowl. n = 14 birds (r2 = 0.8, P < 0.005).
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Chapter Three: Size Selectivity of the Glomerular Filtration Barrier in Birds
and Mammals

Abstract:
Avian ureteral urine contains a large amount (3-15 mg/ml) of protein
that ranges in molecular weight from 20-120 kOa. It was of interest to know if
filtration at the glomerulus could be the origin of these proteins. The aim of
this study was to compare the size selectivity of the avian glomerular
filtration barrier to its mammalian counterpart. We did this by quantifying
the relative clearance of a heterogeneous mixture of fluorescein
isothiocyanate-dextrans (FITC-OEX) and 14C-inulin (for GFR determination)
in chickens (white leghorn, n=5) and rats (Munich Wistar, n=8). The average
molecular weights of the FITC-OEX were 3, 10, 19, 40, 70, and 152 kOa and
represented molecular radii (a e) ranging in size from 15 to 83A. FITC-OEX
present in ureteral urine and plasma samples were separated by size-selective
HPLC and quantified with a computer driven spectrophotometer detection
system. Results from both species show that the filtration fraction of FITCOEX approaches zero at an ae of 64A. While there are no previous data for
chickens, it has been reported for mammals (Munich Wistar rats) that the
filtration fraction of tritiated dextrans approaches zero at ae 44A (Chang et al.,
1975, Biophys. J.), a value nearly 50% smaller than the present data show. The
data from our study suggest that the protein found in avian ureteral urine
could be filtered at the glomerulus, but raises the further question of why
similar filtration of protein does not occur at the mammalian glomerulus.
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Introd uction:
The renal glomerular filtration barrier consists of the endothelial cells
of the glomerular capillaries, the epithelial cells of Bowman's Capsule
(specifically, the podocytes), and a basement membrane that is sandwiched
between these two layers of cells. The major determinates of which
molecules will pass through the filtration barrier are hydrostatic pressure
within the glomerular capillaries, and the size and net charge of the
molecule. It is the size of the molecule, or the porosity of the glomerular
filtration barrier that we examined in this study.
Based primarily on studies performed on laboratory rats, it has been
suggested that the glomerular filtration barrier in mammals behaves as if it
were a membrane containing "pores" of 75-100A in diameter. Further, for
rats, proteins with a Stoke's radius of 35 A or larger appear not to be filtered.
These data are based on studies of the fractional clearance of dextrans (the
clearance of dextran relative to the clearance of a glomerular filtration
marker) (Chang et al., 1975a; Chang et aI, 1975b; Bohrer et al., 1978;). There are
additional data describing the glomerular filtration barrier cutoff from other
mammalian and non-mammalian species that we have summarized in
Table 1.
Although there is some variation, these data support the idea that
macromolecules, such as plasma proteins, do not pass through the
glomerular filtration barrier. As evidence that protein is not filtered, the
urine of most animals is relatively protein-free. For example, human urine
contains 0.3-0.8 mg/dl, and dog and rat urine contain 0.1-1.0 mg/ml of protein
(Rigas and Heller, 1951; Sellers et al., 1954; Dirks et al., 1964; Jorgenson, 1967).
In marked contrast, we have reported that avian ureteral urine contains an
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average of 5.5 mg/ml, and that these proteins range in size from 20-120 kDa
(Boykin and Braun, 1992; it should be noted that more recent data show the
average amount of urinary protein to be 2.7 mg/ml).
The occurance of relatively large proteins in avian urine poses an
interesting question as to their origin. In an attempt to learn more about the
origin of these urinary proteins, we examined the size selectivity of the
glomerular filtration barrier in the avian kidney by measuring the fractional
clearance of fluorescene isothiocyanate labeled dextrans (FITC-DEX).

Methods:
The fractional clearance of fluorescein isothiocyanate dextrans (FITCDEX) was used to determine the size selectivity of the glomerular filtration
barrier in five White leghorn roosters and eight Munich-Wistar rats.

Collection of blood and urine samples: In the roosters, under local
anasthesia (Lido cain hydrochloride), a brachial artery and vein were
cannulated using PE50. Birds were then restrained in a specially designed
sling (holding the animals in an upright position) and infused with mannitol
(2.5% mannitol in 0.9% NaCl) at a rate of 0.4 ml/min kg-I. After a 45 minute
equilibration period, priming doses of 14C-inulin (Dupont-NEN) and FITCDEX (6mg/ml, 1 ml; Sigma) were given immediately followed by a
maintenance infusion containing appropriate amounts of mannitol (2.5'}b),
14C-inulin (0.9 IlCi/ml), and FITC-DEX (12 mg/ml, see below for more detail).
The birds were again allowed to equilibrate for 30-35 minutes.
Ureteral urine was collected from roosters using a cannula designed to
allow urine to drip from the ureters into the collection chamber without
contamination from other cloacal contents. Urine collection periods were
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five minutes each and a blood sample (2501l1) was taken at the end of each
period, for a total of six clearance periods for each bird.
For rats, under anesthesia (sodium pentobarbital, 70 mg/kg), the
trachea, jugular vein (for infusion of inulin and mannitol), femoral artery
(blood collection), and bladder (urine collection) were cannulated. Priming
doses, infusion solutions (infusion rate was 0.2 ml/min kg), and clearance
measurements were similar to those used for the chickens.

Sample analyses: Inulin content of plasma and urine samples (20 Ill) was
determined by liquid scintillation counting.
The amount of FITC-DEX in urine and plasma samples (10 Ill) was
determined using a system designed and described by Schaeffer et al. (1986).
Briefly, the FITC-DEX fractions present in urine and plasma samples were
separated by high preformance size exclusion chromatography (HPSEC; where
y = aebx) (SK type PW 4000 and guard system; Toyo soda Manufacturing Co.,
Ltd., Tokyo, Japan) and analyzed for fluorescence (LS-5, Perkin-Elmer Corp.;
excitation 493 nm, emission 520nm, slit 10). The continuous fluorescence
profile was then digitized and transmitted to an IBM PC and analyzed using
LOTUS 1-2-3 software (Lotus Development corporation).
This system was calibrated with the elution volume (V e) of known
FITC-DEX standard as compared with the void volume (Vo ) of the HPSEC.
This calibration followed the exponential curve fit equation
a

y

= ae bx where

=237, b =-5.52, and the coefficient of determination r2 =1.00.
The size selectivity of the filtration barrier was determined using the

fractional clearance of FITC-DEX at each molecular size of FITC-DEX used.

Composition of FITC-OEX infusion solution: To obtain a sample of FITCDEX that represented the desired range of molecular sizes we wished to study,

48
it was necessary to mix specific amounts from different average molecular
weight FITC-DEX fractions obtained from Sigma Chemical. These were FITCDEX 3, 10, 19, 40, 70, and 152. The ratios of the amount of each fraction used,
proceeding from smallest to largest, were 1 : 1.5 : 4 : 1 : 0.4 : 0.5, with the final
concentration of the FITC-DEX mixture in the infusion solution being 12
mg/ml.

Estimation of isoelectric point of FITC-DEX: Isoelectric focusing of a sample
of each average molecular weight fraction of FITC-DEX used in the infusion
solution was performed using a Hoeffer "mighty small" electrophoresis unit
with its tube gel adapter kit. Samples were focused under native conditions,
using an ampholyte range of pH 3 - 10 (Biorad). Samples were focused for
approximately two hours at constant voltage (500 volts).

Results:
The isoelectric points of the FITC-DEX molecular weight fractions used
in this study are listed in Table 2. Rather than single, sharp bands forming
during the focusing procedure, there were wide bands, often covering an
entire pH unit. (A possible reason for this is discussed below.) Except for
FITC-DEX 3 (pI range 4.2-4.6), the dextrans were only slightly acidic to neutral.
FITC-DEX 10, 19,40, 70, and 152 all have pI values between 6.0 and 7.5.
Though we used separate FITC-DEX fractions, the mixture used in the
infusion solution contained dextrans of all sizes ranging from <3 to >152 kDa,
as can be seen by the infusion solution elution profile in Figure 1a. The
relationship between molecular weight and molecular radius of the FITCDEX fractions is shown in Fig. lb. At the low end of the scale, FITC-DEX 3 has
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a radius of 18A, while at the high end FITC-DEX 152 has a radius of 83A. The
remaining data will be expressed in terms of molecular radii.
The fractional clearance of the FITC-DEX in white leghorns is shown in
graphical form in Fig. 2. The graph shows the mean (with standard
deviation) from 6 clearance periods from a representative bird. The dextrans
were freely filtered until their molecular radii exceeded about 23A, at which
point their filtration became restricted. The fractional clearance continued to
decrease until it approached zero at 62-64A.
Fig. 3 shows the fractional clearance of FITC-DEX in rats and chickens.
The mean (with standard deviation) from 6 clearance periods of a
representative rat was plotted with data from Fig. 2. The curves are very
similar. Small dextrans were freely filtered (radii less than 23A) and larger
sizes were restricted. The similarity in the curves indicates both species may
have similar sized pores in their glomerular filtration barrier.
The combined data from clearance measurements taken from both
chickens and rats are presented in Table 3, expressed as mean values with
their standard deviations.

Discussion:
The main purpose of this study was to gain insight to the origin of the
proteins found in avian urine. There are three possibile sources for the
protein: 1) filtration from the plasma at the glomerulus, 2) secretion from the
tubular epithelial cells into the lumen, and 3) secretion via a paracellular
route. The latter is highly unlikely, as the presence of tight junctions between
epithelial cells, by definition, prevents passage of protein or other large
molecules. It is possible that the urinary proteins are secreted from the tubule
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epithelial cells. However, this would be energetically expensive because the
proteins would either have to be transported across the basolateral membrane
of the cell, traverse the cellular lumen, and be transported across the luminal
membrane, or, be sysnthesized within the cell and then transported into the
tubular lumen. Conversely, if the proteins were filtered from the plasma, the
kidney would expend relatively little metabolic energy in the process.
As stated earlier, the proteins found in avian urine range in size from
20-120 kDa. A protein such as avian serum albumin, with a molecular weight
of 68 kDa and a Stokes radius of 35A, falls within this range. According to the
data in Fig 2, the fractional clearance of serum albumin would be nearly 004,
i.e., based on its size, 40 percent of the albumin present in the glomerular
capillaries could be filtered. Thus, this study shows that it is possible that
some of the avian urinary proteins are filtered into the urine from the
plasma.
The isoelectric points of the FITC-DEX fractions used in this study are
presented in Table 2. It can be deduced from the data in Table 2 that we were
not able to focus the FITC-DEX fractions in tight bands as can be done with
proteins. We believe this may be due to the FITC-DEX fractions. Though
they are labeled as 3, 10, 19, etc., the fractions actually contain a range of sizes,
with the numerical value representing the average size in the fraction.
Further, it is the FITC ligand that imparts the negative charge and there is no
direct relationship between the size of a dextran and the number of FITC
molecules it will bind. It is also not known whether two dextran molecules
of the same size will bind the same number of FITC molecules. Nevertheless,
most of the FITC-DEX used in our study is only slightly anionic. Therefore, to
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be conservative, we compared our data to the data obtained using neutral
dextrans (Chang et aI, 1975a).
Our data from the white leghorns indicate that the molecular radius
cutoff of the avian glomerular filtration barrier was 64A, and this value is
50% greater than the reported value (44A) for mammals (Chang et aI, 1975a).
The value of 44A was obtained using neutral dextans. Work from the same
laboratory also included clearance studies using polyanionic and polycationic
dextrans, that yeilded molecular radius cutoffs of 33A and 44A, respectively
(Chang et aI, 1975b; Bohrer et aI, 1978).
Because our detection system was different than that of Chang (1975a),
we felt it prudent to repeat our experimental protocol on rats. The results of
the fractional clearance of FITC-DEX by rat kidneys are presented in Fig. 3a. In
Fig. 3b, it is shown that the curves for the rats and for the chickens are nearly
superimposable. Thus, we could detect no difference between the molecular
radius cutoff for the glomerular filtration barriers in the two species.
Our finding that the filtration barriers in mammals and birds appear to
have the same size cutoff brings forward two interesting questions. First, why
did the studies of Chang show the cutoff to be 44A rather than 64A when both
studies utilized dextran clearance in the same strain of rats? We believe the
answer to this question lies in the detection systems used in the studies.
For the calibration curve equation (y=aebx ), the y-intercept (a) is the

theoretical limit of calibration (an over estimate of the real limit). Using the
calibration data given by Chang et al (1975a), we calculated the limit of their
calibration (a) to be 46.5, i.e. , the theoretical limit of calibration is only 46.5A,
not much larger than the reported cutoff of 44A. As a comparison, a yintercept of 236.7A was obtained for the HP5EC column used in our study. So
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in answer to the first question, it can be suggested that the G-100 column used
by Chang et al (1975a, and by Bohrer et aI, 1978) was unable to resolve
molecules larger than the value of 44A, a size they reported as the molecular
radius cutoff of the mammalian glomerular filtration barrier.
The second question posed by the findings of our study is as follows. If
birds and mammals have the same molecular size cutoff in their glomerular
filtration barriers, why do birds have large amounts of protein in their urine
while mammals have very little? To answer this question it is necessary to
consider the non-enzymatic glucosylation (NEG) of plasma proteins.
NEG is the addition of glucose, without enzymatic metabolism, to
molecules such as protein (Brownlee et aI, 1984). The major rate limiting
factor for NEG is the concentration of glucose (Eble et aI, 1983). NEG of
plasma proteins occurs when plasma levels of glucose become elevated, as
with the pathology of diabetes milletus. It has been shown that diabetic rats
and humans have a greater percentage of plasma proteins glucosylated (via
NEG) than normal rats and humans (Dolhoffer and Wieland, 1979; Day et aI,
1979; Yue et aI, 1980; Olufemi et aI, 1987). Further, it has been shown that
NEG albumin and ferritin are preferentially transported across endothelial
cells and accumulated in the urine of rats (Williams and Siegal, 1985;
Williams and Rose, 1988). Thus, when serum glucose levels are elevated,
proteins can be glucosylated, and the addition of glucose to proteins could
enhance their filtration at the glomerulus.
The normal blood glucose value for mammals is about 90 mg/100mI.
For birds, the values range from 282-332 mg/100ml (high even by diabetic
standards; Bell, 1971; Rendell et aI., 1985). Due to the elevated plasma glucose
levels, a greater proportion of avian plasma proteins are non-enzymatically
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glucosylated than mammalian plasma proteins (Rendell et al., 1985). This
could account for why birds have protein in their urine and mammals do
not.
It is also possible that there are differences in the net negative charge of

the glycocalyx layer of the glomerular filtration barrier of birds and mammals.
If birds have less of a negative charge to repel the negatively charged plasma

proteins then presumably more protein would be filtered. It should be
pointed out that the pI of the FITC-Dex used in this study were in the range of
6 to 7 while that of avian serum albumin is about 4.5, suggesting a greater net
negative charge on the albumin. Depending on the nature of the negative
charge on the avian GFB, the serum albumin might be more restricted at the
filtration barrier than the FITC-Dex used in our studies.
In summary, data from this study indicate that the molecular radius
cutoff for the glomerular filtration barrier of birds (chicken) is 64A for FITCDEX, and this is sufficiently large to allow the filtration of plasma proteins
(such as serum albumin) at the glomerulus. We further report that the cutoff
for the mammalian (rat) glomerular filtration barrier is also 64A, a value
nearly 50% larger that previously reported (Chang et al., 1972).
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Table 1: Molecular weight and molecular radius cutoff for filtration at the glomerulus.

Animal

Experimental
Compound
Used

Molecular
Molecular
Weight at Cutoff Radius at Cutoff
(A)
(DaItons)

Reference

40,000

63 c

Hulme & Hardwicke, 1968

dextran

64,700

61

Faulstick et aI., 1962 e

dextran

71,700

67

Faulstick et aI., 1962 e

dextran

62,000

58 c

Arturson & Wallenius, 1964

dextran

55,000

52

Mogensen, 1968

cat, rabbit,
dog

exogenous
protein

68,000
(hemoglobin)

32.5 a

Bayless et aI., 1933

dog

dextran

60,000

54 c

Walenius, 1954

dextran

51,000

48 c

Giebisch et aI., 1954

exogenous
protein

68,800
(hemoglobin)

32.5 a

Monke & Yuile, 1940

rabbit

dextran

45,000 d

47 c

Brewer, 1951

rat

exogenous
protein

70,000
(serum
albumin)

35.5 a

Addis et aI., 1951

neutral dextran

-------

44

Chang et aI., 1975

42

Bohrer et aI., 1977

44

Bohrer et aI., 1978

dextran sulfate
(anionic)

---

36

Bohrer et aI., 1978

dextran

---

44-49

Lemley, 1993

exogenous
protein

70,000 b
(horse serum
albumin)

35.5 a

Bott & Richards, 1941

human

polyvinylpyrrolidone
(PVP)

neutral dextran
DEAE dextran
(cationic)

Necturus,
bullfrog

a The molecular radius of the protein used in the study was taken from Ilerne and Levy, 1993.
b Although the molecular weight cutoff for these animals was similar to that of other animals, it should be noted
that the fractional clearance of proteins below the cutoff was relatively large compared to values from
mammol/lals.
c The molecular radius was estimated from data presented in Figure 3 by Renkin and Gilmore, 1973.
d The molecular weight cutoff was extrapolated from the graph presented in Figure 2 (Ilrewer, 1951).
e The human subjects in this study were of two age groups, averaging 22 and 66 years, and the younger subjects had the lower
cutoff values.
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Table 2: Isoelectric points of FITC-DEX average molecular weight fractions.
Average molecular weight (kDa)

pI range

3

10

19

40

70

152

4.2-4.6

6.5-7.5

6.7-7.0

6.0-7.1

6.6-7.4

6.9-7.4

Table 3: Fractional clearance of FITC-DEX in chickens and rats. Data
expressed as mean ± standard deviation.
22A

26A

chicken

0.996
±0.078

0.975
±O.075

0.845
0.604
0.383
±0.067 ±0.054 ±0.041

0.005
0.102
0.049
0.184
±0.026 ±0.013 ±0.010 ±0.002

0.003
±0.001

rat

1.009
±0.100

0.988
0.868
0.366
0.683
±0.120 ±0.130 ±0.115 ±0.062

0.038
0.005
0.174
0.084
±0.037 ±0.026 ±0.007 ±0.002

0.003
±0.001

30A

35A

40A

45A

50A

61A

65A

lsA
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Figure 1: (a) The elution profile of the FITC-DEX infusion solution, showing
all sizes of FITC-DEX from <3000 Da to >150,000 Da were well represented. (b)
The relationship between the molecular weight and the molecular size
(radius) of FITC-DEX.
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Figure 2: The fractional clearance of FITC-DEX in white leghorn chickens.
Plotted are the mean ± standard deviation of six clearance measurements
from a representative bird.
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Figure 3: The fractional clearance of FITC-DEX in Munich-Wistar rats (filled
circles) plotted with data from chickens (circles). Plotted are the mean ±
standard deviation of six clearance measurements from a representative rat
and chicken.
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Chapter 4: A Role for Serum Albumin in the Excretion of Uric Acid

Abstract:
We have reported that avian urine contains significant amounts of
protein and suggested that this urinary protein may be involved in the
excretion of uric acid (Boykin and Braun, 1992). Uric acid is excreted by birds
(and other uricoteles) in the form of small spherical structures that have been
shown to consist primarily of urates and protein (Braun and Pacelli, 1991). In
an attempt to identify the urinary and sphere protein(s), we have completed
several sets of western blot analyses. Primary antibodies have been generated
both commercially and by ourselves and used in the identification process.
Commercially prepared antibodies to chicken plasma proteins specifically
bound to urinary proteins and to the sphere protein, identifying them as
plasma proteins. Commercially prepared antibodies to chicken serum
albumin specifically bound to protein from the urine and to the protein from
the spheres, showing a large part of the urinary protein to be serum albumin
and identifying the sphere protein as serum albumin. By isolating and
purifying the sphere protein, we were able to generated in a sheep antibodies
to sphere protein. Sphere protein antibodies specifically bound to a urinary
protein, the sphere protein, and to a chicken albumin standard. Together,
these data show avian urine to contain multiple plasma proteins including
serum albumin, and that the protein found in the uric acid containing
spheres is serum albumin.
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Introduction:
Birds, like many insects and most reptiles, are uricoteles (excrete excess
nitrogen as uric acid). Because of this, there are large amounts of uric acid in
avian urine. Due to the low solubility of uric acid (0.38 mmol/l), it falls from
solution (during urine formation) and is excreted as small sperical structures
that range in diameter from 1 to 13 11m. Examples of these spheres excreted
from 12 species crossing 3 orders are shown in the scanning electron
micrographs of Figure 1. Similar spheres from urine of birds and of reptiles
have been shown to be composed of 55 to 75% uric acid (Minnich and Piehl,
1972; Minnich, 1972; Braun and Pacelli, 1991). It is thought that by excreting
the uric acid as a solid, uricoteles minimize the water needed to carry the
waste from the body.
A vian urine, as it exits the ureters, consists of these solid, uric acid
containing spheres suspended in an aqueous component. In addition to
being the cheif ingredient of the spheres, there is a large amount of uric acid
dissolved in the aqueous component of the urine. The concentration of uric
acid in solution in the ureteral urine of chickens averages 8.8 mmol/l
(Boykin and Braun, 1995), a value far above its aqueous solubility limit of 0.38
mmol/l. Interestingly, when uric acid precipitates from solution in vitro, it
typically forms large (20 - >80 11m) plate-like, rectangular crystals. When uric
acid falls from solution in the urine, it forms the spheres.
Also present in the aqueous component of avian urine is a significant
amount of protein (about 2 mg/ml; Boykin and Braun, 1995). We have
suggested that the protein is an obligatory urinary component, necessary to
maintain uric acid in solution until conditions favor sphere formation. The
spheres have been shown to contain significant amounts of protein as well

62
(4-5% of the dry weight; Braun and Pacelli, 1991). We were interested in the
identifying and characterizing the avian urinary and sphere protein(s), and
have analyzed samples of those found in chicken urine using a series of
western blot analyses.

Methods:
A series of western analyses utilizing primary antibodies produced both
commercially and by ourselves was used to identify the sphere protein found
in ureteral urine of white leghorn chickens. In the first two series, the
primary antbodies were (goat) anti-chicken serum protein and (rabbit) antichicken serum albumin (Accurate Chemical and Scientific Corp.). In the final
series, we produced sheep anti-sphere protein antibodies from purified
sphere protein obtained from ureteral urine of white leghorn chickens.

Sphere protein purification: Sphere protein was isolated from ureteral
urine of chickens. The urine was centrifuged at 10,000 g for 10 minutes and
the supernatant was removed. The pellet of spheres was then washed 5 times
in distilled water (3-4 times pellet volume). After the final wash was
centrifuged and removed, the spheres were dissolved in distilled water (2
times pellet volume) overnight (25 0 C). The dissolved spheres were then
centrifuged a final time and the pellet of crystals disgarded. The supernatant,
containing the sphere protein, was then dialyzed overnight (cutoff 3000kDa)
against 2 liters of distilled water.
The purification protocol was verified by running samples of the washes
of the spheres on 10% SDS-polyacrylamide gels, and staining with silver
nitrate. In all of the verifications, the lanes containing the 3-5 wash did not
stain, indicating the spheres were free of protein found in the supernatant
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fraction of the urine. Further, SDS-PAGE with silver staining of the purified
sphere protein showed only one band.

Antibody production: Other than sample preparation, all anti-sphere
protein antibody production efforts and techniques were performed by the
Animal Sciences Dept. of the University of Arizona. Very briefly, 200 - 250 llg
of purified chicken sphere protein were injected into a sheep at 4 week
intervals, 3 times. Serum collection began three weeks after the final booster
innocula tion.

Western analyses: Samples « 0.1 llg protein per lane) of the plasma, urine,
and purified sphere protein were electrophoresed on 1.5 mmol/l, llcm X 14
cm 12% polyacrylamide gels. The proteins were then electrophoretically
transferred to nitrocellulose. The nitrocellulose was blocked in 5% BSA,
incubated in primary anitbody, washed, and incubated in secondary antibody
(antibody to the IgG fraction from the animal in which the primary antibody
was produced; Sigma) to which was conjugated horseradish peroxidase (HP).
The detection method used was chemiluminescence (kit "Renaissance"
obtainable from Dupont NEN). After incubation in the secondary antibody,
the blots were placed in the chemiluminescent solutions and exposed to
autoradiography film for 30 to 180 sec (Dupont NEN). The protocol was
similar to that suggested by the "Renaissance" instructions.
Antibody dilutions were determined emperically. The final working
dilutions were 1:20K for the goat anti-chicken serum protein antibody, 1:40K
for the rabbit anti-chicken serum albumin antibody, and for the sheep anitsphere protein, the serum was diluted 1:75. The antibody dilutent was 1%
bovine serum albumin in filter sterilized phosphate bufferred saline.
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Absorbtion controls were performed by simultaneously incubating
duplicate blots in primary antibody solutions pre-absorbed with excess
antigen. These antigens were chicken serum, chicken serum albumin, or
sphere protein, as appropriate. By comparing the two blots one can measure
the specificity of the primary antibody-antigen binding. Briefly, and in terms
of kinetics, the blot incubated in primary antibody represents total binding
(T). The blot incubated in primary antibody preabsorbed with excess antigen
(the "absorption control") represents nonspecific binding (NS). The
difference between total binding and nonspecific binding is specific binding
(S) of primary antibody to antigen (T - NS

= S).

Results:
The purpose of these experiments was to identify the protein
component(s) of avian urine and of the uric acid containing spheres found in
the urine. The results of western analyses utilizing anti-chicken plasma
protein antibodies as the primary antibody are shown in Figure 2. In lane 1
are molecular weight standards, in lane 2 is sphere protein (faint band, Fig.
2a), in lane 3 is urine, and in lane 4 is chicken plasma. As indicated by the
attenuation of the signals in the absorption control (Fig. 2b), there was specific
binding for plasma proteins in several bands of the urine sample and also for
the single sphere protein that was detected. These data indicate there are
several plasma proteins in avian urine and that the sphere protein is a
plasma protein.
Figure 3 illustrates the results of western analyses utilizing anti-chicken
serum albumin antibodies as the primary antibody. Lane 1 is molecular
weight standards, lane 2 is plasma, lane 3 is urine, lane 4 is sphere protein,
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and lane 5 is chicken serum albumin. There was specific binding in all lanes
(attenuation of signals in Fig. 3b), indicating there is serum albumin in the
urine, and that the sphere protein is serum albumin. These data are
confirmed by the data of Figure 4, depicting the results from westerns using
anti-sphere protein antibodies as the primary antibody. The anti-sphere
protein antibodies bound specificially plasma, urine, sphere protein, and to
chicken serum albumin (lanes 2 - 5, respectively). These data identify the
sphere protein as serum albumin, and show that there is a significant
amount of serum albumin in avian urine as well.

Discussion:
The aim of these studies was to identify the proteins found in the
aqueous and solid (spheres) components of avian urine. Western analyses
visualized by chemiluminescence have shown that there are multiple
plasma proteins present in the urine (Figure 2a,b) and that serum albumin is
an abundant urinary protein in avian urine (Figure 3a,b; 4a,b). The
chemiluminescence detection method we used is capable of resolving
picamole quantities, yet serum albumin was the sole plasma protein we were
able to detect in the uric acid spheres found in avian urine (Figure 3a,b; 4a,b).
The identification of the sphere protein as serum albumin was made
using two separate analytical approaches. 1) Commercially prepared
antibodies to chicken serum albumin specifically bound to purified sphere
protein (Fig. 3a,b), and 2) antibodies prepared to purified sphere protein
specifically bound to chicken serum albumin standards (Fig. 4a,b). The
absorption controls for both showed nearly all the binding of primary
antibody to antigen to be specific.
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To confirm that this seemingly normal proteinuria was truly an avian
characteristic, and not one bred into domestic stocks, urine and plasma
samples were obtained from a Gambel's quail and Mourning dove. The
concentration of the protein in the urine was 1.2 mg/ml for the quail and 0.8
mg/ml for the dove (probably an underestimate because the bird suffered
from stress induced diuresis). SDS-PAGE analyses of urine from both species
showed the same staining of multiple proteins in the urine (Fig. Sa, lane 3,
quail; Fig. Sb, lane 3, dove). Plasma samples from each bird can be seen in
lane 4 (Fig. Sa,b). Notice the similarities in staining patterns for the urine and
plasma samples (compare lanes 3 and 4), suggesting the presence of plasma
proteins in the urine of quail and dove. These data support our idea that
proteinuria is an avian characteristic.
Our finding that birds normally have plasma protein(s) in their urine is
novel. It poses very interesting questions as to the origin of the urinary
serum albumin. Is it filtered from the plasma at the glomerulus, or is it
secreted into the tubule from the peritubular capillaries, or is it synthesized
and secreted from renal tubule cells? It would have to be one of the three,
and considering the energy that would be involved in secreting and/or
synthesizing so much protein, glomerular filtration (i.e. bulk flow from
plasma to urine) would be the economical choice. The striking similarity in
the staining patterns of proteins from the plasma and urine of the three
avian species represented here (chicken, quail, dove; Fig. 2a, Sa,b) certainly
suggests the an indescriminate movement of proteins from plasma to urine
that would be associated with glomerular filtration.
If plasma proteins are being filtered at the avian glomerulus, why

doesn't is occur at the mammalian glomerulus? Is something different about
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avian plasma proteins? Or is there something different about the avian
filtration barrier? Birds have high blood glucose levels (300 mg/100ml)
compared to mammals (90 mg/100mI). As a result of high blood glucose,
birds have a higher percent of their plasma proteins glycated than mammals
(Rendell et aI, 1985; Klandorf et aI, 1995). Glycation of proteins has been
shown to enhance their filtration from glomerular capillaries to proximal
tubule lumen (Williams and Siegal, 1985; Williams and Rose, 1988). Hence,
an association is formed: birds have high levels of glycated protein in their
plasma, and they have proteinuria. Mammals with high blood glucose levels
(diabetes milletus) show an increase in the percent of plasma proteins that are
glycated (rats and humans; Dolhoffer and Wieland, 1979; Day et aI, 1987; Yue
et aI, 1980; OIufemi et aI, 1987). One of the complications of diabetes milletus
is proteinuria. Another association is formed: when mammals have higher
levels of glycated protein in their plasma, mammals have proteinuria. Is
there a connection? Further investigation may provide the answers.
The finding that serum albumin may be aiding in the excretion of uric
acid is equally intriguing. Do all uricoteles utilize urinary protein to manage
the uric acid? Reptilian urine has been characterized as "mucoid" in nature
(Minnich and Piehl, 1972; Minnich, 1972). Is protein found in the urinary
spheres of other uricoteles? Similar urate spheres found in uricotelic insect
fat bodies are composed of 4 to 25% protein (Tojo et aI, 1978; Mullins, 1979;
Buckner et aI, 1990). Is it an analog of serum albumin? Are there differences
in the albumins of uricoteles compared to non-uricoteles that favor urate
binding? Or given the right conditions, do all albumins bind urate?
There are many data in the literature showing bovine serum albumin is
capable of binding a wide variety of molecules, from fatty acids and steroids to
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small metabolic end products and ions (Peters, 1992, review). There is also
precedent in the literature for suggesting that albumin holds urates in
solution when they would otherwise precipitate. Thirty years ago, Porter
(1964; 1966) reported the presence of proteins (90 mg/L) in the urine of man
and dog (mongrel) that served to keep urate in solution under conditions
that would otherwise result in the precipitation of the urate. He went on the
show that 60 - 70 % of the protein was serum albumin (1966). Several years
later, a protein of similar size to serum albumin was isolated and purified
from human serum, and accredited with urate binding capabilities (Aakesson
and Alvsaker, 1971).
As for the ability of albumin to form spheres, this characteristic is only
beginning to emerge as a useful tool in imaging. Albumin naturally forms
aggregates of microspheres that range in diameter from 1 to 200 Ilm. The
microspheres are commercially prepared and labeled (Mallinckrodt Medical,
Inc.) and used in clinical imaging of microcirculatory capillary networks
(Gupta and Hung, 1989, review). Albumin microspheres have also been used
as carriers of thereaputic agents ranging from antibiotics to
chemotheraputical drugs for cancer patients (Morimoto and Fujimoto, 1985,
review). Perhaps the serum albumin found in avian urine holds urate into
spheres in a similar way.
A final point to be addressed is the energetics involved in utilizing
protein to handle nitrogenous waste. Is the urinary protein excreted? There
is a potential loss of considerable metabolic energy, or is there? Birds do not
have a urinary bladder as do mammals. Instead, urine from the ureters
enters the cloaca, the terminal part of the avian gastrointestinal tract. It has
been shown that ureteral urine in the cloaca is refluxed, by reverse peristalsis,
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into the large intestine (Brummerman and Braun, 1994). The purpose of the
refluxing may be to reclaim the protein. When samples of cloacal fluid (fluid
coming from the GI tract) are run on SDS PAGE, there are no bands that stain
for protein. Examples can be seen in Figure Sa. Lane 3 contains ureteral
urine from a Gambel's quail. Lanes Sand 6 contain samples of cloacal fluid
from the same bird. There are no bands staining for protein in the cloacal
fluid. While not conclusive, it does suggest the urinary proteins are being
reclaimed, or at least broken down into peptides too small to be detected with
SDS PAGE.
To summarize, we have presented data that support our initial
hypothesis that birds, and possibly all uricoteles, utilize protein in ureteral
urine to manage the urates produced and excreted. Specifically to the data
presented here, there are multiple plasma proteins in avian urine (totalling
1-2 mg/ml). Serum albumin has been shown to be a major urinary protein
in chickens. Further, because it was the only plasma protein detected in the
uric acid spheres, avian serum albumin has been linked with uric acid sphere
formation and excretion. It may be that uricotelism allows conservation of
water, but imposes the necessity of proteinuria. Additional studies on the
protein content of spheres and urine from other uricotelic species is necessary
to answer this question with certainty.
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Figure Legends:

Figure 1: Scanning electron micrographs of urine from twelve species. A)
greater road runner, B) red-tail hawk, C) Gambel's quail, D) white leghorn, G)
spur thigh tortoise, H) king snake, I) horned lizard, J) blue tongue skink, K)
spiney lizard, L) bearded dragon. The micrograph in F is from a red-legged
tarantula, showing spheres similar to those seen in the other micrographs.
Spiders are thought to be guanotelic (excrete excess nitrogen as guanine).
Guanine, like uric acid, is a purine, thus, it may form similar spheres. The
;

micrograph in E is from a mammalian species, pica, a smalliegamorph that
lives in arid, high altitude regions of the Rocky Mountains of Colorado (the
sample was collected by a collegue). This would be the first known
mammalian species to excrete uric acid, but more samples must be collected
before any conclusion may be drawn. The magnification of all micrographs is
the same, and the scale bar represents 51lm (lower right).

Figure 2: Results from western blot analysis using anti-chicken plasma
protein antibodies. Lane 1) molecular weight standards, 2) chicken plasma, 3)
chicken urine, 4) sphere protein. 2A) blot incubated in primary antibody, 2B)
blot incubated in primary antibody pre-absorbed with excess antigen (chicken
plasma); i.e., absorption control.

Figure 3: Results from western blot analysis using anti-chicken serum
albumin antibodies. Lane 1) molecular weight standards, 2) chicken plasma,
3) chicken urine, 4) sphere protein, 5) chicken serum albumin. 3A) blot
incubated in primary antibody, 3B) blot incubated in primary antibody pre-
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absorbed with excess antigen (chicken serum albumin); i.e., absorption
control.

Figure 4: Results from western blot analysis using anti-sphere protein
antibodies. Lane 1) molecular weight standards, 2) chicken plasma, 3) chicken
urine, 4) sphere protein, 5) chicken serum albumin. 4a) blot incubated in
primary antibody, 4b) blot incubated in primary antibody pre-absorbed with
excess antigen (sphere protein); i.e., absorption control.

Figure 5: A) SOS PAGE, stained with Commassie Blue, of samples obtained
from Gambel's quail. Lane 1) molecular weight standards, 2) chicken serum
albumin, 3) ureteral urine, 4) plasma, 5 and 6) cloacal fluid. B) SOS PAGE,
stained with Commassie Blue, of samples obtained from mourning dove.
Lane 1) molecular weight standards, 2) chicken serum albumin, 3) ureteral
urine, 4) plasma.
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Chapter Five: Summary

In this final chapter, I would like to summarize what I feel are some
relevant aspects of this dissertation. I would also ask you, as the (somewhat
captive) reader, to give me a certain degree of latitude with

r~gard

to the

more relaxed and personal style of this chapter. It is being written for my
dissertation, and not for publication in professional journals. I would like to
use this chapter as an avenue for informally sharing my ideas (without being
publicly heralded as a fool if they're later proven to be ludicrous).
Information that led to the formation of the hypothesis of this
dissertation was summarized and presented in chapter one. The hypothesis
was formed based on consideration of data from the literature that indicated
functional relationships between protein and uric acid in avian urine.
Simply stated, I hypothesized that the protein found in avian urine was an
obligatory urinary component, needed for proper excretion uric acid (a
nitrogenous waste). Despite its low aqueous solubility limit of 0.38 mmol/l,
uric acid remains in solution in concentrations of up to 20 mmol/l (averages
about 9 mmol/l) in ureteral urine samples collected from white leghorn
domestic fowl. When uric acid does exceed its solubility limit in the urine, it
does not precipitate as crystals. Instead, it is formed into small, smooth
spheres that easily traverse the twists and turns of renal tubules. I think it is
the protein that holds urate in solution until conditions favor sphere
formation, then, somehow, something induces sphere formation.
The results of attempts to test my hypothesis were reported in chapters
two through four. Inherent to the hypothesis is the implication that the
avian urinary proteins are able to bind urate (to hold it in solution until
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sphere formation occurs). This was the focus of chapter two. Equilibrium
dialysis experiments, of urine against distilled water, indicated that the
urinary proteins prevented uric acid (and calcium) from equilibrating across
the dialysis membrane. Conversely, when the urinary proteins were first
digested with protease, uric acid (and calcium) equilibrated across the
membrane. These data strongly suggest the protein component of avian
urine is capable, perhaps through an interaction with calcium, of binding to
uric acid to hold it in solution. Additional data that support the notion that
protein can bind urate can be found in the literature and were presented in
the discussion section of chapter two.
Whether the urinary proteins bind urate or not, the fact that they are in
the urine at all is very interesting. Urine isn't supposed to have protein in it!
How did the proteins get into the urine, where did they come from? What
proteins are they? The latter question was answered by the western blot
analyses described in chapter four. Much of the urinary protein and all of the
sphere protein is serum albumin. Further, the urinary proteins that are not
serum albumin are other plasma proteins. Hence, the urinary proteins are
plasma proteins. This was probably the most straight-forward section of my
dissertation. The difficult question to answer is the one concerning how the
proteins get into the urine.
Mammalian urine is normally protein-free. It is generally thought that
mammalian urine is protein-free because proteins from the plasma are not
filtered from the glomerular capillaries. Glomerular filtration of protein is
prevented because of the characteristics of the filtration barrier. It restricts the
passages of protein in large part due to the size of proteins. Serum albumin is
about 40 X 150

A (molecular radius (ae) 35 A). The smallest "pore" of the
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mammalian glomerular filtration barrier is about 40 X 140

A (located in the

filtration slit membranes). The "holes" are as large as albumin, but pore
theory would predict that only a very small amount of albumin would
actually pass. According to pore theory, once a molecule exceeds half the size
of the pore, its filterability decreases exponentially. When the molecule is the
same size as the pore, its filterability is nearly zero. My point is that it could
be possible that mammals do not have protein in their urine because the
holes in the filtration barrier are too small to permit their passage. Further
speculation led to an idea that birds have protein in their urine because their
glomerular filtration barrier is different than a mammal's. Maybe the pores
are larger in birds. These were the thoughts that led to the FITC-DEX
experiments of chapter three.
Quite honestly, I expected to see major differences between clearance of
dextran in rats and chickens. To my surprise, both species showed the
molecular size cutoff for glomerular filtration of FITC-DEX to be about ae 64

A. In these studies, the FITC-DEX were fractionated on a high performance
size exclusion column and molecular radius of the dextrans was determined
from a calibration curve prepared from known dextran standards. When
analyzed by the same column and calibration curves, chicken serum albumin
was determined to have an estimated radius of 3sA. According to our data,
the fractional clearance of serum albumin, assuming protein and FITC-DEX
are comparable molecules, would be 0.4 in both mammals and birds, i.e. 40%
of the albumin in the glomerular capillaries could be filtered from the
glomerulus into the nephron. I'm not suggesting this actually occurs, but
when based on the size of the molecule, it is at least possible for protein to be
filtered at the glomerulus.
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Recall, however, that I did make the assumption that albumin and
FITC-OEX were comparable molecules. The validity of this assumption is
questionable. Albumin has a net negative charge in plasma (pI 5.2). The
FITC-OEX used in our studies would have only a slight negative charge in
plasma (pI 6-7). The glycocalyx of the glomerular filtration membrane gives
the membrane an overall negative charge that would tend to repel other
negatively charged molecules. The negatively charged proteins probably
would not pass the filtration barrier as easily as more neutrally charged
dextrans, and a filtration fraction of 40% for albumin may be an overestimate.
Never-the-Iess, the possibility exists that serum albumin is not too large to
pass through the glomerular filtration barrier in either birds or mammals.
I realize that my suggestion that avian serum albumin (and other
plasma proteins) are filtered at the glomerulus has not been demonstrated by
the FITC-OEX clearance studies. Additional evidence comes from SOS-PAGE
and western blot analyses. SOS-PAGE samples of urine and plasma from the
same bird show nearly identical protein staining patterns and antibodies to
plasma proteins specifically bind to as many protein bands in urine samples
as in plasma samples. Hence, it is safe to say there are multiple plasma
proteins in avian urine. The most economical way (energetically) for plasma
proteins to enter the urine would be filtration at the glomerulus. Secretion
from peritubular capillaries, or synthesis and secretion from the proximal
tubule cells would be metabolically expensive. Also, if secretion were the
mechanism, why would the kidney go through the expense of secreting so
many different plasma proteins when it appears that serum albumin is the
only critical one with respect to sphere formation? Secretion is generally of
specific proteins, not of the complex mixture of proteins found in avian
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urine. So, I have not demonstrated beyond doubt that the proteins are
filtered, but there is good circumstantial evidence for it, and I do suspect that
glomerular filtration is the source of the urinary proteins.
For the sake of argument, let me say that the proteins are filtered at the
glomerulus. Why doesn't the same filtration of protein occur at the
mammalian glomerulus? In chapter three it was shown that the avian and
mammalian filtration barriers filtered FITC-DEX to the same extent. Why do
the barriers behave differently with respect to protein filtration? There may
be two possibilities. There could be a difference in the charge barriers of the
glomerular filtration membranes of the two species (as mentioned above), or,
there could be something different between avian and mammalian plasma
proteins that makes the avian proteins more easily filtered.
Of the two possibilities, the latter is most intriguing to me. As I
suggested in the discussion of chapter three, it is very tempting to link the
high plasma glucose levels in birds to an increased glucosylation of plasma
proteins, to an increased glomerular filtration of plasma proteins. How do I
think adding sugar to protein increases its filterability at the glomerulus? I'm
not sure, but it might be related to the solubility of the protein. Carbohydrates
such as starches and simple sugars are often used by the food industry to
make compounds more soluble. Perhaps the addition of glucose to proteins
makes them more soluble, and the increased solubility enhances glomerular
filtration. Its an interesting question with possible clinical applications in the
area of proteinuria associated with diabetes milletus.
For future directions, there are at least two areas where this work could
be expanded. First, it would be of interest to know if uricoteles other than
birds also utilize albumin to manage the urates they produce. The spheres
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found in urine samples from the several uricotelic species shown in chapter
four (Fig. 1) are very similar in external morphology. Spheres from uricotelic
species other than birds have also been shown to contain protein, but the
protein has never been identified. I suspect that all uricoteles use similar
proteins and sphere formation mechanisms, but this has yet to be
demonstra ted.
Second, what happens to the protein once the urine leaves the ureters
and enters the cloaca? Is it excreted? I have analyzed cloacal fluid vs. ureteral
urine for protein using both SDS PAGE and colorimetric protein assays. Both
methods indicate the protein is absent from cloacal fluid, i.e., the protein is
not excreted. Ureteral urine entering the cloaca is refluxed into the lower GI
tract of birds. The urinary protein is probably broken down and reabsorbed in
the colon. Again, more work needs to be done before any conclusions can be
drawn, but it appears the urinary protein is recycled rather than excreted.
In summary, a novel use for albumin has been discovered. Instead of
using water to carry nitrogenous wastes (uric acid) from the body (kidneys),
birds, and perhaps all uricoteles, use protein (serum albumin). This allows
the animal to conserve water without the need for producing highly
concentrated urine, something avian and reptilian kidneys do not do well.
Further, if the albumin is being filtered from the glomerulus and then
reclaimed from the lower GI tract, there is a relatively low expenditure of
metabolic energy associated this use of albumin. Until now it has been
generally accepted that uricotelism is an advantage because it allows maximal
nitrogen excretion with minimal volumes of water: period. Nothing has
ever been said about additional requirements for protein to maintain the
solubility of uric acid and prevent crystal formation within the renal tubules.
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I'm looking forward to seeing the results of future research that will more
completely integrate the functions of the kidneys, cloaca, and lower GI tract, to
give a more complete story of the mechanisms involved in nitrogen
excretion by uricoteles.
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