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Elevated urinary Pco2 in the rat: An intrarenal event
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Elevated urinary Pco2 in the rat: An intrarenal event. During a
bicarbonate diuresis, final urine Pco2 considerably exceeds systemic
Pco2, an effect thought to reflect the postpapillary delayed dehydration
of carbonic acid. To test this explanation, Pco2 tensions along the inner
medullary collecting duct (IMCD) of bicarbonate-loaded rats were
measured directly using Pco2 microelectrodes. With systemic Pco2 held
at 40 mm Hg, IMCD Pco2 exceeded systemic Pco2 in every measure-
ment by an average of 20 to 30 mm Hg. A significant increment in Pco2
was seen between 50% LMCD length and the papilla tip. During the
infusion of carbonic anhydrase, IMCD Pco2 was reduced but not to
systemic levels. Finding elevated Pco2 along the terminal IMCD
deemphasizes the importance of postpapillary delayed dehydration and
suggests the possibility that bicarbonaturia is associated with papillary
accumulation of carbon dioxide.

Pco2 urinaire élevée chez le rat: Un phénomène intra-rénal. Au cours
d'une diurése induite par Ia perfusion de bicarbonate, Ia Pco2 de l'urine
definitive est considérablement superieure a Ia Pco2 systémique, fait
que l'on attribue a Ia déshydratation postpapillaire retardCe d'acide
carbonique. Pour verifier cette explication, la Pco2 Ic long du tube
collecteur de Ia médullaire interne (TCMI) chez des rats recevant du
bicarbonate étaient mesuré directement en utilisant des microélectrodes
a Pco2. Lorsque Ia Pco2 systemique était maintenue a 40 mm Hg, Ia
Pco2 dans le TCMI depassait a chaque mesure Ia Pco2 de 20 a 30 mm
Hg en moyenne. Une augmentation significative de La Pco2 Ctait notée
entre Ia moitié de La longueur du TCMI et La pointe de Ia papille.
Pendant la perfusion d'anhydrase carbonique Ia Pco2 du TCMI dimin-
uait mais n'atteignait pas les valeurs systemiques. Le fait que La Pco2
soit Clevée Ic long du TCMI terminal fait perdre son importance a
l'hydrolyse postpapillaire retardCe et suggre Ia possibilité que La
bicarbonaturie soit associée a une accumulation papillaire de carbon
dioxide.

When a bicarbonate diuresis occurs in humans, dogs, or rats,
the Pco2 of final urine considerably exceeds the arterial blood
Pco2 [1, 2]. This urine to blood Pco2 gradient (U-B Pco2) is
thought to reflect acidification events in the distal nephron, a
hypothesis which was considerably strengthened by the studies
of Halperin et al showing that patients with documented distal
acidification defects were unable to generate a normal U-B
Pco2 [3].

Ochwadt and Pitts proposed that the genesis of the U-B Pco2
involved the postpapillary delayed dehydration of carbonic acid
[4], and this formulation has been accepted widely. In this
scheme, Ochwadt and Pitts assumed: (1) that distal acidification
involves secretion of hydrogen ion, which reacts with the
plentiful luminal bicarbonate ion to form carbonic acid, (2) that
all papillary structures have the same carbon dioxide tension,
namely, that set by the systemic arterial Pco2, and (3) that there
is no access of the luminal fluid to carbonic anhydrase. With
these constraints, Ochwadt and Pitts envisioned that the dehy-

dration of carbonic acid to carbon dioxide and water could be
delayed until urine left the papilla and entered the lower urinary
tract where the relatively low ratio of surface area to urine
volume would tend to maintain a urine to blood Pco2 gradient.
Consistent with this formulation, the Pco2 gradient was abol-
ished when the dehydration reaction was accelerated by infused
(and filtered) carbonic anhydrase [41.

The hypothesis of postpapillary delayed dehydration has
been testable recently using advances in microelectrode tech-
nology to assess directly the distal acidification process in the
collecting duct. Two of the key assumptions have been verified
in our laboratory [5] and by others [6, 7]: First, the medullary
collecting duct is capable of acidification by hydrogen secretion
[5]. Second, as evidenced by an acid disequilibrium pH, this
process takes place in the absence of luminal carbonic anhy-
drase [5, 6]. The purpose of this study was to test directly the
last key argument of the Ochwadt-Pitts hypothesis by determin-
ing whether or not the papillary Pco2 is set to systemic arterial
Pco2. The results contradict the postpapillary dehydration
scheme and indicate that carbon dioxide tensions are elevated
already along the medullary collecting duct. In addition, car-
bonic anhydrase infusion did not lower collecting duct Pco2 to
systemic levels suggesting that at least part of the U-B Pco2
gradient may be generated independent of delayed carbonic
acid dehydration.

Methods
Male Charles River rats, weighing 280 to 330 g each, were

maintained on Purina 5001 rat chow and water until the morning
of each experiment. Anesthesia was induced by intraperitoneal
mactin (Promonta, Hamburg, West Germany), 120 mg/kg body
weight. After a tracheostomy was performed, PE-50 polyethyl-
ene catheters were placed in the jugular vein for infusion and in
the femoral artery for blood sampling and monitoring of blood
pressure. The left kidney was isolated, and the papilla exposed
as described previously [5]. Final urine bathed the papilla and
was then collected via a PE-50 catheter fed through the left
ureter. All animals were maintained at 37° C, and ventilated
with 40% oxygen to maintain arterial Pco2 near 40 mm Hg.
Arterial blood, 400 p.1, was sampled every 45 mm, and the
volume was replaced by blood from a donor litter-mate.
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Fig. 1. Paired (deep and shallow) measure-
ments of Pco2 tension (mm Hg) as a function of
length along the inner medullary collecting duct
(IMCD). Two to four pairs per rat were ob-
tained in bicarbonaturic control rats (upper
panels) and animals given carbonic anhydrase
during period 2 (lower panels).

All rats were infused with 0.3M sodium bicarbonate, contain-
ing 8 Ci/m1 carboxy-14C inulin, at 6.6 ml/hr, and received a
separate infusion of normal saline at 0.3 mI/hr. A 1-hr equilibra-
tion time separated the completion of the surgical preparation
from the two 45-mm experimental periods. Two groups of five
rats were studied; both groups were prepared and treated
identically through the end of the first period. During the
second period, one group of rats (CA) received carbonic
anhydrase (Bovine erythrocyte carbonic anhydrase B, Sigma
Chemical Co., St. Louis, Missouri) at 3.3 mg/hr in the saline
infusion after a 4 mg bolus dissolved in donor blood. Control
rats received the same volume of donor blood and the same
saline infusion but without carbonic anhydrase. The second
period was started 20 mm after the CA bolus. In preliminary
experiments, the carbonic anhydrase activity in final urine was
measured using a semiquantitative assay with a lower detection
limit of 2 ng4i.l [81.

No activity was detectable before enzyme infusion, and
activity was present in 200-fold dilutions of final urine during
enzyme infusion.

Collecting duct Pco2 was measured with the Pco2 microelec-
trode of Pucacco and Carter [9]. The electrodes were modified
for inner medullary collecting duct (IMCD) catheterization by
elongating the neck portion to a uniform diameter of 20 to 30
for a distance of 1 cm. The electrode was inserted gently
retrograde into the IMCD using a Leitz micromanipulator; the
depth of insertion was measured as the electrode was with-
drawn from the papilla. Distances are expressed as a percentage
of the total IMCD length determined on a sagital section of
kidney at the end of each experiment. IMCD Pco2 was mea-
sured in deep ('--3 mm into papilla) and shallow ('--l mm into
papilla) pairs; the pairing order was varied randomly. The
electrode was brought to less than 10 mm Hg Pco2 in room air
before each measurement. Before and after two to three pairs of
readings, the electrode was calibrated at 37° C in thermoregu-
lated wells of 10 m sodium bicarbonate bubbled from analyzed
tanks of 4, 8, and 15% carbon dioxide. Integrity of the micro-
electrode's silicone membrane was confirmed during each

calibration by insuring that the Pco2 reading approached zero
with the electrode immersed in pH 4 buffer. The slope of the
Pco2 response was 55 to 60 mV/log Pco2 for all electrodes used.
Measurements were discarded if red cells were seen in the duct
effluent.

Arterial blood gases were measured on a Radiometer BMS-
Mk2 microsystem. Glomerular filtration rate was calculated as
the clearance of radioactive inulin. Bicarbonate concentration
in blood was calculated, assuming a pK of 6.10 and a solubility
of 0.0306. Statistical comparisons were performed by use of the
paired or unpaired t test, or by analysis of variance.

Results

Arterial blood gases were not significantly different among
the two periods of controls and the first period of the CA rats.
Mean pH was 7.61 0.01, Pco2 39 1 mm Hg, and bicarbonate
39 1 m. During CA infusion, pH was 7.69 0.02, Pco2 36
1, and bicarbonate 42 1. Mean pH of urine from the
unexposed kidney was 7.93 0.02 in controls and period 1 of
the CA animals, increasing to 8.18 0.02 during CA infusion.

Two major findings are seen in the individual measurements
of collecting duct Pco2 shown in Figure 1. First, in every
instance the Pco2 tension in the collecting duct exceeded the
systemic arterial Pco2 of that animal. Second, there was a
significant increment of Pco2 tension between the deep and tip
measurement sites, and this increment was seen in both periods
of both groups.

In the first period of the control animals, mean Pco2 at the
deeper measurement site averaged 64 4.8 mm Hg, increasing
to 71.4 3.6 near the papilla tip (P = 0.006). Comparable
findings were seen in the first period of the CA animals, Pco2
increased from 67.9 5.7 to 78.0 4.7, (P = 0.006). Neither
the mean values of Pco2 nor the increment in Pco2 along the
IMCD differed significantly between the two groups during the
first period.

During the second period in the control animals, Pco2 in-
creased from 80.1 4.9 to 83.5 3.9 (P = 0.02) along the
IMCD. Both levels were significantly greater than during the
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first period in the same animal. During CA infusion (second
period of the CA group), Pco2 increased from the proximal
value of 47.8 2.6 to 56.7 2.9 nearthe papilla tip (P = 0.003).

The effects of carbonic anhydrase infusion are seen more
clearly in Figure 2, where the mean values of the IMCD Pco2
tensions are plotted. The luminal Pco2 tensions were reduced
significantly and substantially as compared to mean values of
the time controls (period 2 of control animals) or to the pre-
infusion values of the first period in the same animals (all P <
0.005). Despite the large reduction in the absolute value of
luminal Pco2, there was still a significant increment along the
duct, and each measurement exceeded the systemic Pco2.

Discussion

The central tenet of the postpapillary delayed dehydration
hypothesis is that urinary Pco2 is set to systemic Pco2 within
the papilla and does not rise above systemic values until urine
leaves the papilla. Despite the virtually unanimous acceptance
of this scheme [1, 2, 10, 11], a variety of theoretical arguments
and experimental data are in direct conflict with this central
assumption.

First, the hypothesis predicts that there would be no U-B
Pco2 gradient if the dehydration reaction was instantaneous.
Several laboratories, however, have shown that the infusion of
carbonic anhydrase does not necessarily obliterate the U-B
Pco2 gradient although detectable enzyme levels are present in
the final urine [12—14]. Second, the Pco2 of the urine in the renal
pelvis is already elevated, with little further change in the lower
urinary passages [15, 16]. Third, the proposed scheme is
difficult to reconcile with the kinetics of carbonic acid dehydra-
tion [17]. Even when an uncatalyzed rate and the effect of
nonbicarbonate buffers to delay the reaction are accepted, the
dehydration is expected to reach equilibrium within a few
seconds [17, 18]. In contrast, the transit time from late distal
tubule to final urine is probably longer; estimates range any-
where from 15 sec to several minutes [19—21]. Accepting these
kinetic data would indicate that the only acidification site
capable of contributing to postpapillary elevation of carbon
dioxide would be some small fraction of the terminal IMCD.
Knowing how small this fraction might be would require more
precise estimates of the relevant kinetics than are presently
available. Finally, Uhlich, Baldamus, and Ullrich [22] have
estimated Pco2 tensions in the papillary structures indirectly,
using an Astrup type of analysis in which the pH of an aspirated
sample is measured immediately and again at various known
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Fig. 2. Mean Pco2 values from Figure 1, plotted at the mean
measurement site.

Period 2 tensions of carbon dioxide. These authors concluded that
during a bicarbonate diuresis, papillary Pco2 tensions were
elevated above systemic levels.

Our results confirm that elevated tensions of carbon dioxide
exist within the papillary collecting duct with measurements of
collecting duct Pco2 made directly with a Pco2 microelectrode.
DuBose and Pucacco have reported similar results recently [6,
7]. We conclude that the elevated Pco2 seen in final urine during
bicarbonate loading is, at least in part, an intrarenal event.

50 ióo Based on several lines of evidence, we speculate that the
elevated Pco2 in the IMCD reflects elevated carbon dioxide
tensions throughout the papilla during bicarbonate loading. The
indirect Pco2 measurements of Uhlich, Baldamus, and Ulirich,
showing elevated Pco2 in the vasa rectae, would be one point in
favor of this view. More recently, vasa recta Pco2 was mea-
sured directly by DuBose and was found to be elevated to levels
comparable to those in adjacent collecting ducts [7]. These
elevated levels of Pco2 in the vasa recta could in theory reflect
carbon dioxide generated outside the collecting duct. Alterna-
tively, to the extent that the IMCD epithelium permits free
diffusion of carbon dioxide, the elevated vasa recta tensions
simply might reflect diffusional loss from the collecting duct
lumen. If diffusion of collecting duct Pco2 does comprise the
major source of papillary Pco2, the Pco2 increment seen along
the IMCD must reflect a similar gradient of carbon dioxide
through the papilla, with Pco2 tension progressively increasing
between the papillary base and tip. A carbon dioxide counter-
current exchange system, as proposed by Uhlich, Baldamus,
and Ullrich [22], and also Ullrich, Kramer, and Boylan [23]
presumably would maintain this gradient.

The possibility of carbon dioxide accumulation in the papil-
lary microenvironment carries potentially important implica-
tions for collecting duct physiology. Because other acidifying
epithelia display carbon dioxide-dependent acidification rates
[10], it is conceivable that the papillary accumulation of carbon
dioxide during bicarbonaturia may serve to regulate the local
epithelial acidification rates. A variety of carbon dioxide-
regulated metabolic processes besides those related to acidifica-
tion could be affected as well.

Elevation of carbon dioxide tension within the papilla would
require some reexamination of the proposal that the U-B Pco2
gradient reflects the distal acidification process. If it does, our
results suggest that segments proximal to the IMCD contribute
to this gradient, because Pco2 already was elevated in the more
proximal parts of this segment. The concept of papillary Pco2
accumulation also suggests an alternative explanation for the
subnormal U-B Pco2 gradient in subjects with distal renal
tubular acidosis [2, 3, 24]. Currently, it is thought that part of
the subnormal U-B Pco2 reflects the reduced urinary bicarbon-
ate concentrations which result from the concentrating defect
usually found in this condition [24]. If the concentrating defect
were associated also with increased papillary blood flow,
medullary washout could reduce papillary carbon dioxide accu-
mulation and thus contribute to the subnormal Pco2 in final
urine.

In these studies we did not investigate the mechanisms
responsible for elevating the collecting duct Pco2 tension.
Likely possibilities have been suggested by others (1, 2, 10, 11)
and include the formation of carbon dioxide from (1) the
titration of luminal bicarbonate by secreted hydrogen, and/or
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(2) the ampholyte effect, from rising concentrations of luminal
bicarbonate, due to bicarbonate secretion or water reabsorp-
tion. It is also conceivable that some part of the IMCD Pco2
could derive from carbon dioxide generated outside of the
lumen. The elevated carbon dioxide tension probably cannot be
accounted for by carbon dioxide produced from metabolism
because collecting duct Pco2 is subsystemic when final urine is
acid [5].

The effect of infused carbonic anhydrase (CA) was to depress
collecting duct Pco2, although not to systemic levels. We derive
two conclusions from this finding: First, opposite to the post-
papillary delayed dehydration scheme, it is clear that elevation
of urinary Pco2 can be accomplished independent of delayed
carbonic acid dehydration. Second, because Pco2 increased
along the IMCD even in the presence of enzyme, at least this
portion of the final urinary Pco2 reflects some process per-
formed by the IMCD, as opposed to representing the dehydra-
tion of carbonic acid formed by some earlier segment. Both of
these conclusions depend on the assumption that there is no
possibility of a disequilibrium state when carbonic anhydrase is
present in the tubular fluid. The extremely high turnover
number of this enzyme provides compelling evidence that the
assumption is valid. Moreover, we have shown previously
during aciduria that even a lower total CA dose (5 mg bolus + 2
mglhr) prevents the demonstration of the IMCD disequilibrium
pH present before enzyme infusion [51.

The IMCD luminal fluid is thought to be without access to
carbonic anhydrase in the absence of enzyme infusion [5]. In
this case, delayed dehydration probably does contribute to
elevated Pco2 in the collecting duct. Although it might be
thought that the magnitude of this component would be estimat-
ed by the difference in IMCD Pco2 before and during CA
infusion, this is not necessarily valid. As emphasized by Arruda
et al [14] and Maren [17], CA will tend to dissipate a carbon
dioxide gradient regardless of the mechanism of its generation,
a process which may involve CA-facilitated diffusion of carbon
dioxide through aqueous as well as lipid compartments [25]. It
is also possible that the reduction in IMCD Pco2 during CA
infusion reflects a change in the segmental acidification/alkalini-
zation rates. We found, as have others [4, 12, 13], that whole
kidney bicarbonate clearance was unchanged by CA infusion,
but direct measurements of IMCD acidification/alkalinization
rates before and during CA infusion are needed to clarify the
question of whether CA does or does not affect these rates.

The question remains whether or not any of the U-B Pco2
gradient reflects postpapillary events. In theory, some contribu-
tion of postpapillary delayed dehydration must be present,
given a finite dehydration time. This contribution cannot be
quantitated easily, because measuring the intrarenal component
involves exposing the papilla, a procedure which contaminates
final urine with blood from the cut ureter. Nor can it be
assumed that the final urinary Pco2 is that from the unexposed
kidney, because acidification by the exposed and nonexposed
papilla is probably not identical (unpublished observations).

In summary, we have presented evidence that the elevation
of urinary Pco2 above systemic levels is an intrarenal event.
This finding deemphasizes the importance of postpapillary
delayed dehydration and is consistent with the formulation that
bicarbonate diuresis is associated with the papillary accumula-
tion of carbon dioxide.
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