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Hy-peruricemia and uricosuria were induced in rats fed uric acid and oxonic acid.
Kidneys then were studied by light and electron microscopy. After 1 day of
hyperuricemia, animals had deposits of uric acid and urate crystals within collecting
tubules of the renal papillae, and tubular cells were altered. By 10 days, there was an
exudative response with further injury to epithelium. Clear spaces within lumens,
epithelium. and neutrophils suggested the presence of crystals; however, there was no
direct ultrastructural evidence that neutrophils or epithelial cells ingested crystals and
suffered injury. Presumably, crystals readily seen in frozen, unfixed tissue were lost dur-
ing preparation for electron microscopy. Nonetheless, the ultrastructural findings in-
dicated that hyperuricemic nephropathv was initiated in a fashion analogous to urate
arthropathy. Urate crystals formed within collecting tubules, epithelial cells were
altered, and most likely there was chemotaxis of neutrophils which underwent
degranulation and vacuolation followed by Isis freeing any ingested urate. Release of
ingested crystals plus precipitation of new crystals both might senre to sustain the
nephritis. (Am J Pathol 81:367-378, 1975)

A MODEL FOR HYPERURICEMNIC NEPHROPATHY originally wvas
described by Staxvric. Johnson. and Brice.' and wve enlarged the obser-
'-ations.2 In these experiments y-oung rats were fed a standard laboratory
choxv suipplemented by uiric acid and a related compouind. oxonic acid.
The latter inhibits hepatic uiricase, thtus preventing the degradation of uiric
aci&3 and rats fed the diet for 3 or 4 weeks became hyperuiricemic. They
had extreme tiricosuiria and developed nephropathy w-ith actute and
chronic inflammation and tophi. Amorphouis deposits and acicutlar crystals
in the kidney- corresponded to turic acid and monosoditum turate. respec-
ti-%el\-.4The renal lesion was maximal in the papilla. xvhere the collecting
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ttubuiles appeared to be the primarv site of uric acid and uirate deposits.
After intervals of 9 to 12 months on the diet, almost all animals had uric
acid stones in the uirinary tract along with a chronic interstitial nephritis.5'6

This series of experiments demonstrated a practical model for
hypertiricemic nephropathy and for uiric acid stone disease with an ob-
VioUs potential for therapeuitic sttudies on the related conditions. However,
the experiments provided little information abouit the initiation of renal
disease in hypertiricemia. For this puirpose, morphologic stuidies
(incluiding electron microscopy) were performed after 1 to 10 days of ex-
perimental hyperuiricemia, and the results are reported herein.

Materials and Methods
Tw entv-two male Wistar rats weighing 150 g or more w ere allok%-ed to eat freels of a

dailv dietarn- mixtuire consisting of 19 g of standard laboratorx chow, 0.4 g oxonic acid, and
0 6 g uric acid. The dail%- intake of food was determined wlhile the animals were allowed
%vater ad libiturm. Grouips of 2 to 4 from these 22 animals were killed after 1. 2. 4. 7. 8. and
10 davs Seven comparable control rats that were daily offered 20 g of the standard
laUmratorx chow were killed 2. 4, 7, or 10 days after initiation of the experiment. Table 1 in-
dicates the exact nuimber of rats in each group along with the diet and interval before
death

In all animals the body weight was recorded before death, and venous blood was ob-
tained for an enzymatic determination of the plasma level of uiric acid. The right kidney.
taken post mortem. was processed in the manner described in a prior publication to reveal
the amouint of iric acid per gram of wet tissue.7 The left kidney was perfuised w-ith a I 5%
phosphate-buiffered soluition of glutaraldehyde, weighed. and processed for routine light
microscopy as well as electron microscopy. For the latter, 1-mm cubes of renal papillae
m-ere postfixed in osmiuim tetroxide. dehydrated in graded alcohol solutions and passed
through propylene oxide into an epoxy resin. One-half-micron-thick sections of the plastic-

Table 1-Data From Acutely Hyperuricemic Rats

No. Mean Mean Mean uric acidMean
Days on of body kidney Plasma Kidney tubular tubular

diet rats weight (g) weight (g) (mg%1) (mg/g) exudate deposits

Oxonic acid
and uric acid

1 3 158 0.6 11.0 1.4 0 1
2 5 188 0.9 5.8 2.5 0.4 1.6
3 1 228 1.1 8.0 8.7 0 1
4 5 194 1.0 4.1 3.0 0 1.4
7 2 238 1.3 3.3 4.6 1.5 2.5
8 4 205 1.1 6.5 6.5 1 1.5

10 2 233 1.4 8.5 4.8 2 2
Chow

2 1 222 0.9 1.2 0.2 0 0
4 1 228 1.0 0.8 0.4 0 0
7 1 242 0.9 0.6 0.9 0 0
8 3 221 0.6 1.6 0.5 0 0

10 1 236 0.8 0.2 0.2 0 0
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embedded tissuie mvere stained with a modified toluiidine bluie soluition; uiltrathin sections
%vere stained %vith tiranyl acetate and lead citrate. For rouitine microscopy. sections of
paraffin-embedded tisstue were stained w-ith hematox%-lin and eosin. In these preparations
the amouint of exuidate and other deposits in collecting tuibuiles w ere estimated separately;
zero represented the absence of a finding; one, minimal changes; tw4o. intermediate
changes. and three, the maximal abnormality

Resutts
The resuilts of biochemical sttudies and postmortem examination are

suimmarized in Table 1. There -as no difference in the body w%-eight of the
rats in any grouip regardless of diet or length of the experiment, nor did
kidney- weights differ between the groups. The plasma uric acid level was
elevated significantlyr (P < 0.03) in the rats fed oxonic acid and uric acid,
-hile the amount of urate eluted from the right kidnevs of hyperuricemic
rats w-as increased (P < 0.05). Both plasma and renal elevations of uric
acid %svere observed in rats killed after 1 day of oxonic acid and uiric acid
and at all suibsequient intervals throtugh 10 days.

Table 1 also suimmarizes the light microscopic findings. Amorphouis and
laminated deposits -ere observed within the collecting tulbuiles of the
renal papillae of hyperturicemic rats throughouit the experiment (Figuire
1 ) These appeared basophilic and corresponded to the site of uiric acid
and tirate deposits as determined in prior experiments by the examination
of frozen, unfixed tissuie or tissuie fixed in alcohol.2 Many collecting tuibuiles
were dilated and lined with a flat epithelium. With the exception of 1
animal. an exuidative response w.as not observed by rouitine microscopy
until the seventh day of hyperuiricemia, when neutrophils were present
wsithin blood xessels of the renal papillae, the adjacent interstitium, and
the collecting tuibuiles (Figuire 2). The inflammatory response was as-
sociated with destrtuction of epithelial cells, and regeneration of the
epithelitum w-as stuggested by infrequent mitotic figures. Mitotic figuires
also -ere observed in ttubuilar lining cells prior to the appearance of ex-
tidate Tophi occasionally were seen in renal papillae after 2 days of
hyperuricemia; however, no interstitial fibrosis was detected at anv time
throtugh 10 days. Arteries, arterioles, and glomeruli appeared normal in all
hyperuricemic rats, and no renal lesions were observed in the rats fed the
standard laboratory chow.
The observations by- electron microscopy were similar to those of light

microscopy. After 1 or 2 days of hyperuricemia, collecting tuibuiles were
dilated (Figuire 3). T-o common findings in tuibules at this interval were
expanded intercelluilar and intracellular spaces and intraluiminal
membranouis remnants (Figuire 4). Basilar structutres filled with
membranes w-ere also present. Most of the cellular spaces contained fine
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granuiles with few clear areas suggesting a dissolved crystal. Although in-
conspicuiouis, netitrophils could be found within blood vessels of the papil-
lae. Some neuitrophils were caught in the process of diapedesis (Figure 5),
while others showed margination within small blood vessels.
Many collecting tubuiles were filled with cellular debris and other mat-

ter corresponding to the basophilic deposits evident by light microscopy
(Figure 6), and intraluminal spaces between the debris vaguely outlined
shapes suiggesting dissolved crystals. In dilated tubules, the lining cells
were compressed and had scant microvilli. Collecting tubules with this ap-
pearance were common after 2, 3, or 4 days of hypeniricemia.
The exuidative response was prevalent after intervals of 7, 8, or 10 days

of hvpenrricemia with neutrophils present in blood vessels, interstitium,
and collecting tuibuiles. Migration of neutrophils through the epithelium
of collecting tuibuiles was indicated by the presence of the leukocytes in
this layer (Figuire 7). Within collecting tubuiles there were neutrophils in
all stages of degranulation and degeneration (Figure 8). Some were
vactiloted, and partly lysed neutrophils contained angular clear spaces in-
dicating prior crystalline deposits. In tubuiles there was considerable dis-
tortion of the epithelial cells with large spaces within or between them.
Many Iysosomes, large and small, were present (Figure 9); however,
phagolvsosomes with angular clear spaces were not found.

As seen in the electron microscope, the renal papillary interstitium was
expanded in hypenuricemic rats, suggesting edema. Interstitial cells were
conspicuiouis, with extensive processes, many complex lipid bodies, and an
abuindant endoplasmic reticuluim.

Hyperuiricemic nephropathy in human subjects is thouight to result
from an excess of uiric acid in the glomermlar filtrate with the precipitation
of amorphotus uiric acid deposits in collecting tubuiles. The precipitation is
cauised by suipersatuiration of the urine with uric acid and is exaggerated
by acidification of the urine within the medulla of the kidney. The in-
traluiminal deposits lead to obstructive nephropathy which may be com-
plicated by acuite pyelonephritis. Often, the tubuiles are destroyed by
deposits, leading to an interstitial reaction with urate crystals and giant
cells creating a tophtis, and uirinary tract stones of uric acid are common.
The uiltimate resuilt of hyperuricemia and uricosuria may be a chronic le-
sion characterized by small scarred kidneys with pyelonephritis, vascular
sclerosis, and extensive ischemic injury; for example, tip to 40% of
patients with gouit may have significant chronic renal disease.

Renal lesions similar to those of hyperiricemic nephropathy in human
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patients have been observed in experimental circumstances. In addition to
nephropathy produiced by oxonic acid 1,2 and avian models of
hvperuricemia,6 acuite tirate nephropathy has been induced in several
species (incluiding dogs) by the infusion of lithium tirate.9 In these experi-
ments, the primary lesion is the precipitation of uric acid deposits and
tirate crystals within collecting tubuiles. Epithelial cells are injured, and
exhibit signs of necrosis and repair. In circumstances such as the oxonic
acid model where hypertricemia is sustained, the animals develop an
acuite and chronic nephritis comparable in morphology to human gotity
nephropathv.5
The mechanism whereby the precipitation of uric acid and urates

within collecting tuibuiles leads to an acute and chronic nephritis remains
to be clarified. In part the injury may be mechanical; however, there is
considerable evidence that tirate crystals mediate cell injury and inflam-
mation by other means. In human joint spaces, urate crystals are ingested
by netitrophils and by mononuiclear cells, including some resembling syn-
ovial lining cells. 10,11 In vivo experimental studies in dogs reveal that syn-
ovial lining cells ingest urate crystals injected into knee joints.u2 Subse-
quiently, neuitrophils localize in the region of the joint and exhibit
degranulation and lysis; some neutrophils from the joint fluid con-
tain urate crystals. Many of the phagocytic neutrophils from joint fluids
lack granules, and some have a vacuolated (honeveomb) appearance. Re-
cent in vitro electron microscopic studies indicate that human neutrophils
and dogfish letikocytes rapidly ingest monosodium urate crystals. 13-16
Within neuitrophils the crystals are enclosed by a single membrane con-
stituiting a phagosome, and eventually the phagosome is converted into a
phagolvsosome containing at least one hydrolase, acid phosphatase. There
is dissoluition of the membrane about the phagolysosome and release of
contents into the cytoplasmic matrix leading to lysis of the netitrophil
itself. The urate crystal is thereby free to initiate injury in other cells.

Ouir observations upon the early renal changes associated with
hvperuiricemia seem to agree with the findings in urate-induiced arthritis
and in tirate-treated neuitrophil suspensions. Thus, rats made
hvpertiricemic by oxonic acid immediately develop uric acid deposits and
tirate crystals within the collecting tubuiles of their kidneys. The deposits
may be recognized as gross yellow striations in the renal medulla. By light
microscopy the crystals may be observed in fresh-frozen tissue or tissuie
fixed in absoluite alcohol; however, routine preparations utilizing aqueouis
fixatives dissolve most of the crystals, leaving a residue of basophilic
material. Rotitine electron microscopy introduces the same problem. Uric
acid and tirate are relatively soluble in the various fixatives and buffers re-
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qtuired duiring the procedture, and all that remains in the collecting tubuiles
is granular and membranous debris. Empty spaces in this debris signify
substances removed duiring the preparation of the tissue, and some empty
spaces are anguilar suiggesting prior crystalline deposits.
The presence of tirate crystals within the collecting tubuiles of

hyperuiricemic rats immediately is associated with alterations in the struc-
ture of epithelial cells lining these tubuiles. By light microscopy, some cells
contain mitotic figuires and have abundant basophilic cytoplasm in-
dicating repair. An added finding by electron microscopy is the presence
of many intercellular and intracellular spaces containing granules and
membranouis debris. A few suich spaces are clear, with contours suggesting
prior crystalline deposits. Lacking direct evidence we can only suippose that
renal epithelial cells like synovial cells ingest urate crystals, are injtured,
and thereby contribute to the next phase of the lesion which is acute in-
flammation. The means by which neutrophils are attracted to the renal
papilla are not clear, btut neutrophils appear after crystals are observed
and epithelial cells altered. Neutrophils are seen first at the margins of
blood vessels, then pass through the vessels and into the interstitium.
Only after several days are large numbers of neutrophils present in the tis-
sue, filling and distorting collecting tubuiles. We are tinable to
demonstrate crystals within neutrophils, but the progressive vacuolation,
degranuilation, and lysis of neutrophils follows the pattem of tirate-
induiced injtury observed in joint fluids or isolated t-ell suspensions.
Furthermore, a few vacuioles in degenerate neutrophils contain clear
spaces which vaguiely resembly crystalline profiles. We cannot explain
why the actute inflammatory response to urate crystals is delayed for
several days in kidneys when it is not in joints.

In concltusion: Ouir uiltrastructuiral findings in acutely hyperuricemic
rats indicate that uiric acid and urate deposits initiate injury in the lining
cells of renal collecting tuibules. This is followed by an exudative inflam-
matory reaction which ftirther injures the renal tissuie and contributes to a
chronic renal lesion similar to hyperuricemic nephropathy in human sub-
jects.
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Fiure 1-Dilated collecting tubules in the renal papilla from a rat with hyperuricemia for
2 days contain granular debris and laminated concreto A mitotic figure is present in
a collecting tubule. (H&E, x 680) Figure 2-After 7 days of hyperuricemia, there is
acute inflammation with neutrophils throughout the tissue (H&E, x 680)



4

Figure 3-Dilated collecting tubule (T) from the same area shown in Figure 1. Expanded
intercellular and intracellular spaces are indicated by arrows. (Uranyl acetate and lead
citrate, x 5700) Fgu 4-Same animal, same area as Figure 3; membranous swirls
are present in a dilated space (Uranyl acetate and lead citrate, x 27,600).
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Figure 5-Papillary blood vessel from same area as preceding figure. One leukocyte is
trapped in the process of diapedesis (D); another lies within the lumen (Uranyl acetate
and lead citrate, x 5700). Figure 6-Dilated collecting tubule after 4 days of
hyperuricemia. Luminal spaces outlined by debris suggest crystals (C) (Uranyl acetate
and lead citrate, x 5700).
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Figure 7-Dilated collecting tubule after 10 days of hyperuricemia contains a neutrophil(N). Leukocytes are present in the epithelium, interstitium, and a blood vessel (Uranylacetate and lead citrate, x 5700). FigUro 8-Dilated collecting tubule filled withneutrophils, same animal as Figure 7. One leukocyte is vacuolated (V); others lysed (L).(Uranyl acetate and lead citrate, x 5700)
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Figure 9-Distorted collecting tubule from same animal and area as Figures 7 and 8.
Epithelial cells contain many lysosomes. (Uranyl acetate and lead citrate, x 5700).
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