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Renal Tubular Transport of Organic Acids

STUDIES WITH OXALATEANDPARA-AMINOHIPPURATEIN THE RAT

E. J. WAEINMAN, S. J. FRANKFURT,A. INCE, aind S. SANSOM,Retnal Sectiotn,
Department of Mledicine, Veteranis Administrationi Hospital and Baylor College of
Medicine, Houistotn, Texas 77211

A B S T R A C T The renal handlinig of oxalate was
examinied by free-flow micropuncture, intratubular
microinijectioni, an(d droplet precessioni techniques in
the rat. After the stustained i.v. infusionj of [14C]oxalate,
the fractional (Ieliverv of oxalate from the early por-
tions of the proximal tul)ule was 120.1+4.4%, indicating
net secretioin. Fractionial delivery rates from the late
proximal tubtule (124.6+6.1), distal tubule (120.9+2.9),
and final urine (126.2+2.9%) were not different froml
that of the early proximal tubule. Direct intratubular
miicroinjections of oxalate into the early proximal
tubule anid late proximal tubule yielded urinary re-
coverv rates of 85+3% and 101+2%, respectively,
suggesting that oxalate absorption does occur in the
mlid-portionis of the proximal tubule. Droplet pre-
cessioni studies confirmed a secretorv flux for oxalate.
In contrast to oxalate, para-aminlohippurate (PAH), the
more traditional marker for organic acid transport,
was secreted in the late portions of the proximal
tubule and in large measure at a site between the
late proximal and distal tubules, presumably the pars
recta. Probenecid inhibited PAH secretion but was
w%ithout effect on net oxalate transport, oxalate absorp-
tion, or oxalate secretion.

These studies demiionistrate that net oxalate secretion
ocecurs in the earlx portions of the proximlal convoltuted
tubule, uinidergoes bidirectional trainsport of approxi-
m-atel e(qulal milagnittude in later segmiienits of the
proximual tubtule, aind problalyl is not transported in
imiore distal nephroni sites. The secretory mechaniism
for oxalate differs fromn that of PAH in that it is
located in a differenit segment of the nephroni and
is not inhibited by probenecid. These differences
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suggest that the early portions of the proximal tubule
are important in the renal metabolism of some organic
acids.

INTRODUCTION

Para-aminiohippurate (PAH)' has been extensively
used as a marker to examine the ability of the kidney
to secrete organic acids (1-3). Although bidirectional
movement of PAH may be demonstrated in the proxi-
mal convoluted tubule, free-flow micropuncture
studies have indicated that net secretion of this
organic acid occurs between the late portion of the
proximal convoluted tubule and the distal tubule (2,
4-7). Isolated nephron studies in the rabbit kidney
have shown that the pars recta is the major site of
niet secretion of PAH (1). The contribution of other
nephron segments to the renal handling of other
organic acids, on the other hand, has not been
extensively studied. The current micropuncture studies
were undertaken to examine the renal handling of the
dicarboxylic acid, oxalate, and to compare its renal
transport characteristics with that of PAH.

MIETHODS
All studies were performed on male Sprague-Dawley rats
with free access to food anid water before study. Anesthesia
was induced with pentobarbital (50-60 mg/kg body wt) in-
jected intraperitoneally. A tracheostomy was performed, both
jugular veins were cannulated, and the urinary bladder

vas catheterized. The left kidney was approached through a
flank incisioin, the perirenal fat and capsule were removed,
and the kidney was prepared for micropuncture, as previ-
ously described from this laboratory (8, 9). In the micro-
injection and droplet precession studies, the left ureter
was catheterized with PE 50 tubing to permit separate
urine collections from each kidney.

Free-flow studies. In the oxalate studies, a priming in-
fusion of 1 ml of a solution containing [3H]inulin ([methoxy-
3H]inulin) (75 ,Ci/ml) and [14C]oxalate ([U-'4C]oxalic acid)

Abbreuiationi used in this paper: PAH, para-amino-
hippurate.
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(75 ACi/ml) was given, followed by the sustainied infusioin
of the same solution at a rate of 1.2 ml/h. Where examined,
probenecid was dissolved in a solution of NaHCO3 (30
meq/liter) (pH 7.4) in a concenitration calculated to deliver 100
mg/kg body wt per h and was infused at a rate of 1.2 ml/h.
Control animals received an infusion of the diluent alonie
at the same rate.

In the PAH studies, the priming and sustaininlg isotope
solution contained [3 H]PAH (aminohippuric acid, p-[glycol-
2-3H]) (67 ,uCi/ml) and [14C]inulin ([carboxvl-14C]inulin)
(67 ACi/ml) in isotonic saline. Animals were stuidied in a
manner identical with that of the oxalate studies.

After 90 min of equilibration, free-flow micropuncture
samples were obtained from proximal and distal nephron
sites. Blood and urine samples were collected simultaneously.
The clearance rates of inulin, oxalate, anid PAH and the
fractional excretion rates were calculated f'rom standard
formulas. The fractional delivery rates (FD) friom the poinit of
micropunctuire were calculated from the expression

FD (% FP)= X_F/ x 10(0,
TF/Pinulinl

where X indicates the disintegrations per miniute (dpm) in
tubular fluid (TF) and plasma (P) of either ['4C]oxalate or
[3H]PAH.

Microinjection studies. Animals were prepared for study
as indicated above, except that no isotopes were infused
systemically. A solution of 5% mannitol in isotonic saline
was infused at a rate of 12 ml/h to ensure high urine
flow rates. The intratubular microinjection solutions coIn-
tained either [14C]oxalate (50 ,uCi/ml) and [3H]inulin (50 ,uCi/
ml), or [3H]PAH (50 ,LCi/ml) and [14C]inulin (50 ,uCi/ml).
Probenecid or diluent was infused as described in the
free-flow studies. 10-12 nl of the microinjection solui-
tions were microinjected over a 120-s interval into the
early or late portions of the proximal convoluted tubule
in the oxalate studies and into the early portion of
the proximal tubule only in the PAH studies. After
each microinjection, urine was collected sequentially from
both left and right kidneys in 60-s aliquots. The procedures
for microinjection, localization of micropuncture sites, and
calculations of the fractional recovery rates in the urine
have previously been described in detail from this laboratory (8).

Droplet precession studies. Animals were prepared as in
the microinjection studies and received an i.v. infusion of
5% mannitol in isotonic saline at a rate of 12 ml/h. 100
nl of microinjection solution containing either ['4C]oxalate
and [3H]inulin or [3H]PAH and [14C]inulin were placed upon
the surface of the left kidney as a droplet, after which
urines were collected from the left kidney in 20-s aliquots
until the radioactivity of the urine had returned to back-
ground levels. Results are expressed as the ratio of the
disintegrations per minute of the test substance to disintegra-
tions per minute of inulin in the first urine sample to
contain inulin, divided by the ratio of isotope counts in
the droplet solution. A ratio of greater than 1 is taken as
an index of secretion.

Radioactive [14C]oxalate (specific activity 578 ,uCi/mg) and
[3 H]PAH (specific activity 3.44 ACi/mg) were determined
to be 99% pure by the manufacturers (Amersham/Searle
Corp., Arlington Heights, Ill., and New England Nuclear,
Boston, Mass., respectively). 14C counts in the urine were
assumed to be oxalate, since oxalate is a metabolic end
product in mammals. This was confirmed by silica gel thin-
layer chromatography using a 95:5:1 ethyl alcohol, water,
ammonium hydroxide solvent system (8). The distribution of
'4C counts in the urine on the thin-layer plates was identical

with that of the stock [14C]oxalate solution and(c in the
saime location of standard nonlabeled oxalate solutions. Lack
of' bacterial conversioni of [14C]oxalate in stock soltution
wals confirmle(d by comparing freshly prepared [14C]oxalate
with solutions of [14C]oxalate maintaiined in the refrigerator
for over 14 days. Using the same thin-layer system, the
purity of the [3H]PAH in urine and stock soltutions was
confirmiied.

Radioactivity of the saamples of blood, urine, tubular fllid,
aindl microinjection solutions was determined in Biofluior
(New England Nuclear) in a Packard Tri-Carb liquidl scintil-
lation counter (Packard Instrument Co., Inc., Downers Grove,
Ill.). Counts per minute of each isotope were converted to
disintegrations per minute after correction for (quenchinlg,
efficiency of counting, and crossover counts. All data are
expressedl as the nmean±+lSE.M. Significaniee vas determiin(e ed
1b Sttudent's t test.

RESULTS

Oxalate. The results of free-flow micropunctutre
aind clearance experiments in 11 control rats are stum11-
marized in Table I. The fractional excretion of oxalate
in the final urinie averaged 126.2±2.9% of the filtered
load, indicating net secretion. Micropuncture samples
obtained from the proximal tubule are groupedl as
early or late proximal tubule, with TF/PinUiin valuies
below 2 designated as an early proximal tubular site.
The fractional delivery rates from the early proximal
tubule averaged 120.1±4.4%, a value not significanitly
different from that of the final urine. Samples ob-
tained from the earliest portions of the proximal
tubule (TF/Pinuiin < 1.5) also averaged 118% (11 = 9) of
the filtered load, suggesting that an oxalate secretory
site exists in the immediate postglomerular segments
not accessible to micropuncture in the species of
rat utilized. Fractional delivery rates of oxalate friom
the late proximal tubule and from the distal convoluted
tubule (124.6+6.1 and 120.9±2.9%, respectively) were
not significantly different from results obtained in the
early proximal tubule or in the final urine.

To determine if bidirectional transport occurred in
any segments of the nephron, microinjection studies
into early and late portions of the proximal tubule
were performed. As noted in Table III, 85±3% of
oxalate microinjected into the early proximal tubule
was recovered in the urine. Recoveries after microin-
jection into the later portions of the proximal tubule
averaged 101±2% (P < 0.01 compared with the early
proximal tubule). Droplet precession studies (Table
IV) yielded 14C/3H: 14C/3H urine to droplet ratio of
counts of 5.2+0.7, a value significantly above unity
and indicative of oxalate secretion.

From these results, oxalate appears to be secreted
in the earliest portions of the proximal convoluted
tubule, undergoes bidirectional transport of ap-
proximately equal magnitude in the mid-portions of
the proximal convoluted tubule, and is probably
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TABLE I
Free-flow Micropuncture and Clearance Results in Animals

Receiving an Infusion of ['4C]Oxalate*

Control (,i = 11) Probenecid (n = 8) P

GFR, ,ulImitn per g KW 996.1+39.9 (31) 917.6+58.0 (17) NS
Coxalate, Al/min per g KW 1262.1+70.4 (31) 1111.7+68.4 (17) NS
FEOxalate, % 126.2+2.9 (31) 122.4+3.3 (17) NS
UNaV, ,teqflniii per g KW 0.11±+0.03 (31) 0.11±+0.01 (17) NS

Proximal tubule
Earlv TF/Pinulin 1.68+0.04 1.67+0.04 NS

FDoxalate 120.1+4.4 (30) 120.3+3.2 (24) NS
Late TF/Pi0uli 2.40+0.07 2.61+0.11 NS

FDoxalate 124.6±6.1 (19) 120.8+3.6 (25) NS

Distal tubule
TF/Pi.u011 7.6±+ 0.69
FDoxalate 120.9+2.9 (20)

* Values expressed as mean+SEM. P indicates statistical comparison
between values obtained in control animals and in animals receiving
probenecid. NS = not significant. Numbers in parentheses indicate
number of animals or number of samples analyzed. FD = fractional de-
livery from the point of micropuncture; FE = fractional excretion; KW
= kidney weight.

not transported to a significant degree beyond the
proximal convoluted tubule.

The effects of probenecid on the tubular handling
of oxalate were examined in a separate group
of rats and the results are summarized in Tables
I, III, and IV. Probenecid did not significantly alter
the fractional delivery rates of oxalate from early or
late proximal tubule sites, did not inhibit oxalate
efflux from the proximal tubule as determined by the
results of the microinjection studies, and did not alter

the urine to droplet 14C/3H ratio of counts in the
precession studies.

PAH. To contrast the results obtained with oxalate,
parallel studies were performed with PAH, the proto-
type compound used to examine the renal handling
of organic acids. The results presented are not cor-
rected for plasma binding of PAH. As can be seen
in Table II, PAH secretion occurs predominantly
in the late segments of the proximal convoluted
tubule and at nephron sites between the late proximal

TABLE II
Free-flow Micropuncture and Clearance Results in Animnals

Receiving an Infusion of [3H]PAH*

Control (n = 13) Probenecid (n = 10) P

GFR, l/mmin per g KW 941.2+±46.4 (30) 1004.5+69.9 (24) NS
CPAH, p1/r inl per g KW 1508.6+90.8 (30) 890.4+53.14 (24) <0.001
FEPAH, % 161.2+5.47 (30) 86.5+2.2 (24) <0.001
UNaV, ,.eqh/min per KW 0.09+0.01 (30) 0.11±0.02 (24) NS

Proximal tubule
Early TF/Pinulfn 1.63+0.04 1.62+0.06 NS

FDpAH 88.7+3.7 (24) 80.7+±2.6 (21) NS
Late TF/Pi,,ulin 2.59±0.07 2.57+0.09 NS

FDPAH 114.9+4.5 (29) 83.8+2.0 (25) <0.001

Distal tubule
TF/Pi.u011 11.5±+1.57 13.9+1.7 NS
FDPAH 164.5+8.4 (20) 84.5+±2.3 (20) <0.001

* See Table I for legend.
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tubule and distal tubule, presumably the pars recta.
The fractional delivery rate of PAH from the distal
tubule (164.5+8.4%) was significantly higher than
that obtained from late proximal tubular sites (P
< 0.01), but not significantly different from that of the
final urine.

Recoveries of PAH microinjected in the early por-
tions of the proximal tubule averaged 98+1% (Table
II), while the PAH/inulin urine/droplet ratio of
counts was 28.3±3.1, indicating a secretory flux (Table
IV). In contrast to the results obtained with oxalate,
probenecid had significant effects on the renal
handling of PAH (Tables II, III, and IV). In animals
receiving probenecid, the fractional delivery rates of
PAH from early and late proximal sites (80.7±2.6
and 83.8±2.0%) were not significantly different from
each other or from the values obtained in the distal
convoluted tubule (84.5±2.3%) or in the final urine
(86.5±2.2%). These results indicate that probenecid
markedly inhibited net PAH secretion, and were con-
firmed in the droplet precession studies where
probenecid significantly reduced the PAH/inulin
urine/droplet ratio of counts to 2.8±0.5 (P < 0.001
compared with controls).

DISCUSSION

Despite its clinical importance, the renal handling
of oxalate has received only limited attention in the
published literature. We are unaware of any prior
studies of the type reported in this communication,
which examines the segmental nephron contribution
to net oxalate transport by the kidney. The current
studies in the rat confirm the findings in man,
sheep, and dog that oxalate is secreted by the
mammalian kidney such that its fractional excretion
in the final urine is greater than 100% of the filtered
load (10-12). The values for oxalate excretion ob-
tained in clearance and micropuncture studies were not
corrected for plasma binding of oxalate, since pre-
liminary studies in this and other laboratories sug-

TABLE III
Microinjection Studies (% Recovery)*

Control Probenecid P

Oxalate EPT 85±3 (10) 86+1 (13) NS
LPT 101+2 (9) 99+2.8 (6) NS

PAH EPT 98±1 (18) 100±3 (12) NS
LPT -

* Values expressed as mean+SEM; numbers in parentheses
indicate number of microinjections; P indicates statistical
comparison in control animals versus animals receiving
probenecid. NS = not significant; EPT = early proximal
tubule; LPT = late proximal tubule.

TABLE IV
Droplet Precessioni Studies (Ratio of Couniits at thle

Arrival Time of Inulhi)*

Control Probeniecid P

Oxalate (n = 5) 5.2 +0.7 5.2±0.5 NS
PAH (n = 5) 28.3±3.1 2.8±0.5 <0.001

* Values expressed as mean+SEM; inumbers in parentheses
indicate number of animals.

gest that oxalate is nearly freely filterable at the
glomerulus (13). In tubular fluid samples obtained
from the early proximal tubule (definedl here as
TF/Pinu1in ratios of less than 2.0), the fractionial delivery
of oxalate was 120% of the filtered load, indicatinig
net secretion. Separate analysis of the rate of delivery
from the earliest accessible portion of the proximnal
tubule (TF/Pinulin ratios of 1.25-1.5) was 118%, imply-
ing that a secretory site for oxalate is presenit in
the immediate postglomerular portion of the nephron.
Comparisons of the fractional rates of oxalate delivery
between the early and late portions of the proximal
tubule indicated no net change in oxalate tranisport,
but did not rule out the possibility of bidirectionial
transport. The results of the microin-jection studies
confirm that oxalate is reabsorbed in the accessible
portions of the proximal tubule. The lack of' a net
change in transport in the presence of a reabsorptive
flux implies a secretory flux of equal magnitude.
The droplet precession studies indicate a secretory
flux for oxalate but do not localize its nephron site.
It is unlikely that there is any significant degree of
oxalate transport in nephron segments other thain the
proximal tubule, since the fractional delivery rates
from the late proximal tubule, distal tubule, and final
urine did not differ. Moreover, oxalate microinjected
into the most distal portions of the proximlal tubuile
accessible to mnicropuncture was coimipletelI recovered
in the final urine. It would appear, then, that oxalate
undergoes net secretioni in the early portions of the
proximal tubule and bidirectional trainsport of' e(Iual
magnitude in the miid-portioins of the proximiial ttubtule.
Although the possibility of bidirectional transport is
not definitely excluded, it would appear that there is
little if any trainsport of oxalate at more distal nephron
sites.

The presence of a secretory site for the organic
acid oxalate in the early portions of' the proximal
convoluted tubule was a surprising finding, since the
more distal portions of the proximal tubule, aind
especially the pars recta, are thought to be the major
nephron sites of organic acid secretion. The pos-
sibility of a uni(lue organic acid transport site, located
in the early proximal tubule, was fuirther exacmined
by compariing the results obtained with oxalate with
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those obtained with the more traditional marker of
organic acid secretion, PAH. As can be seen in Table
II, the pattern of nephroni contribution to PAHtransport
differed from that of oxalate in that net PAH secretion
was initially evident only in later portions of the
proximal tubule and most prominently in samples ob-
tained from the distal tubule. The net addition of PAH
between the late proximal tubule and distal tubule
presumably reflects the contribution of PAH secreted
by the pars recta (1). The calculated fractional delivery
rates of PAH from each of the nephron sites examined
and in the final urine in the current study are lower
than those reported by Cortney and co-workers (6).
Part of the discrepancy can be explained by the cor-
rection factor applied for plasma binding of PAH,
which has been estimated to be 10% (6). Preliminary
studies in our laboratory indicate that plasma binding
of PAH may be somewhat higher in individual
experiments. If the current results are recalculated
considering plasma binding to be 20%, the average
rates of fractional delivery of PAH are similar to
those reported by Tanner and Isenberg (2). Even with
these considerations, however, the discrepancy in the
absolute values between the current study and those
of Cortney et al. (6) remains and cannot be resolved
at the present time.

The results of the present studies do not exclude the
possibility of the presence of PAH secretion in the
earliest portions of the proximal tubule, even at the
nephron sites responsible for oxalate secretion. The
marked differences in segmental contribution, how-
ever, suggest the possibility that the secretory sites
for these two organic acids are different. In support
of the suggestion that the secretory mechanism for
oxalate and PAH are distinct were the differences
in the changes in the measured parameters in re-
sponse to probenecid. Probenecid did not affect net
oxalate transport as determined in free-flow micropunc-
ture studies, and was without effect on the results
obtained in the microinjection and droplet precession
studies. By contrast, probenecid clearly inhibited net
PAH secretion, as evidenced by the decreased frac-
tional delivery rate from the later portions of the
proximal tubule and distal tubule and by the marked
decrease in the [3H]PAH/[14C]inulin ratio of counts
in the urine in the precession studies. In the early
proximal tubule, probenecid decreased tne fractional
delivery rate from 88% to 80%, and while a degree
of inhibition of PAH secretion in this segment of the
nephron cannot be definitely excluded, these values
were not statistically different. Taken together, then,
the results of these investigations indicate the
existence of an organic acid secretory mechanism for
oxalate which is located in the early portion of the
proximal tubule and is distinct from that for PAH.

As indicated earlier, the pars recta is the nephron

site most commonly associated with net transport of
organic acids. By contrast, the secretion of the organic
acid oxalate appears to occur in the early portioni of
the proximal tubule. Evidence has previouslxy beeni ad-
vanced for the presence of an organic base secretorN
system in this portion of the nephron, althouigh unl-
equivocal evidence for organic acid secretion is not
available (14). deRougemont and co-workers have stug-
gested that the early postglomerular portion of the
proximal tubule is the site of urate secretion and, in
urate-loaded rats, net urate secretion was observed
in micropuncture samples obtained fronm the early
proximal tubule (15). These results with respect to
urate have not been confirmed and have been ques-
tioned due to the methodologic difficulties in meastur-
ing the concentration of uric acid in nanoliter (quanitities
of fluid (16, 17). The present studies with oxalate,
on the other hand, support the concept that the earls
proximal tubule is important in the renal metabolism
of some organic acids.
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